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ABSTRACT

Upon forming a biofilm, bacteria undergo several changes that prevent them from
being eradicated with antimicrobials alone. These biofilms manifest as persistent infections
and biofouling in the medical and industrial world, respectively, constituting an ongoing
medical crisis and creating a huge financial burden. Biofilms on implanted medical devices
cause thousands of patients each year to undergo multiple surgeries to explant and replace
the implant, driving billions of dollars in increased health care costs due to the lack of
viable treatment options for in situ biofilm eradication. Heat has been used to reliably
eliminate biofilms for many years, but the temperatures employed are infeasible for many
applications, particularly in vivo medical treatment. Remotely activated localized heat can
be applied through a superparamagnetic iron oxide nanoparticle polymer coating when
paired with an alternating magnetic field. However, there is very little known about the
temperatures required to Kill the biofilms and the effects of the heat in conjunction with
antibiotics. To better understand the required parameters to effectively kill off bacteria in
biofilms a variety of heat treatments were investigated for a variety of Pseudomonas
aeruginosa biofilms grown in different conditions. Additionally, these heat treatments
were combined with antibiotics to better understand any combined effects of the two
orthogonal treatment plans. It was found that heat is an effective method for killing the
bacteria in biofilms. Temperatures ranging from body temperature, 37 °C, to 80 °C were
used to heat shock the biofilms for 1 to 30 minutes. Higher temperatures for short exposure
times yielded similar results to lower temperatures for longer exposure time. Biofilms
grown in different conditions did vary in their susceptibility to the heat shocks; however,

at the higher temperatures the differences became negligible. Therefore, the more effective

Vi
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treatments were the higher temperature heat shocks with shorter exposure times to
maximize bacterial cell death and minimize the potential heat transfer to the surrounding
tissue. Regrowth studies indicate a critical post-shock bacterial loading (~10° CFU/cm?)
below which the biofilms were no longer viable, while films above that loading slowly
regrew to their previous population density. Combined treatments with antibiotics had
synergistic effects for all antibiotics across a window of heat shock conditions.
Erythromycin in particular, which showed no effect on the biofilm alone, decreased biofilm
population by six orders of magnitude at temperatures which had no effect in the absence
of antibiotics. These studies will evolve the understanding of biofilms and how to
efficiently eradicate them on implant surfaces. The introduction of such a novel coating in
conjunction with antibiotics could obviate thousands of surgeries and save billions of

dollars spent on explantation, recovery, and re-implantation.

Vii
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PUBLIC ABSTRACT

Each year in the U.S. hundreds of thousands of people develop a biofilm infection
on their medically implanted devices. These biofilms are a community of bacteria that
attach to a surface and have a protective layer preventing antibiotics from being effective.
When a patient gets a biofilm infection the implant needs to be removed via invasive
surgery and the patient is left without an implant during a long recovery process. Once the
infection has subsided the patient can receive a replacement implant; however, that second
implant has twice the likelihood of infection as the first. This leads to poor patient quality
of life and costs the U.S. billions of dollars annually. Alternatively, a coating can be placed
on the surface of an implant and can be heated wirelessly to Kill the bacteria without ever
performing an invasive surgery. The required temperatures and exposure times to those
temperatures were investigated and combined with antibiotics to determine any combined
effect. Higher temperatures for shorter amounts of times were determined to be the most
robust treatment and the temperature could be decreased when antibiotics were used at the
same time to eradicate the infection. A coating that can be heated wirelessly could improve
the lives of thousands of patients and improve quality of life by decreasing the needs for
additional surgeries, reducing recovery time, and saving the U.S. millions of dollars in

medical expenditures.

viii
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CHAPTER 1: INTRODUCTION
1.1. Motivation

Biofilms are ubiquitous, from covering the bottom of ship hulls to causing
persistent infections in patients. They consist of a community of bacteria that attach to a
surface and create a protective layer, called the extracellular polymeric substance (EPS),
which makes them very difficult to eradicate. These communities of sessile bacteria can be

found in many settings including the medical field, industrial plants, water lines and pipes.

About 45% of all nosocomial, or hospital acquired, infections are device related.!
Each year 3.6 million medical devices are implanted in patients in the United States. Of
the patients with these medical implants over 100,000 have nosocomial infections form on
their devices each year,? with biofilms being the cause of about 80% of all implant related
infections in the body.>* Adding dental implants and catheters, these numbers increase by
an order of magnitude.> The biofilms can lead to bloodstream infections causing the
mortality of otherwise relatively healthy patients. Of the total episodes of bloodstream
infections, 51.4% are nosocomial® and of these bloodstream infections acquired in U.S.
hospitals Pseudomonas aeruginosa infections have a crude mortality of 38.7% of patients;’

it is also the third most common bacterium to cause orthopedic implant infections.®

The most common method doctors use in the United States to treat these infected
implants is dosing the patient with high levels of antibiotics and removing the implant until
the infection subsides.®® Once the patient is clear of infection a third surgery can be
performed to place in a new implant.>*® Nosocomial prosthetic joint infections increase
from 1.5-2.5% upon initial surgery to 3.2-5.6% of revision surgeries demonstrating that

additional surgeries increases the risk of gaining infections.'** The total cost in the United
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States from the resulting hospitalization, surgeries, and replacement devices adds up to
over five billion dollars a year,>* in addition to a low quality of life for patients with
infected implants. To prevent nosocomial infections greater care and effort is devoted to
prevention via hand washing, sterilization, and prophylactic antibiotics regimens.
However, infections still remain high and have remained steady over a twenty-year

period.*415

Sessile bacteria have been found to be much more robust and difficult to eradicate
than their planktonic or free swimming counterparts.'®*° Biofilms are a growing concern
for the medical and industrial fields since they are hard to eradicate and provide resistant
infections and biofouling.?’ Food and pharmaceutical industries have struggled with
biofilm contaminations on the walls of their processing equipment for years as well.?1:??
The CDC estimates that about 48 million people fall ill to food borne diseases with about
128,000 hospitalizations and 3,000 deaths per year in the United States alone, with bacteria
estimated to cause 64% of the hospitalizations and deaths.?® This biofouling on the
processing equipment not only increases the contamination potential of these goods, but
also leads to more expensive processes since it decreases the heat transfer efficacy and
requires thorough cleaning, requiring the plant to shut down for a few days.?* Water

processing plants have similar issues with biofilms contaminating the water systems.?

Biofilms are found in many environments and cause many problems for the medical
and industrial fields. However, when these infections are found on an implant device
surface the consequences are dire and require a more immediate response. These infections
have a more limited treatment window since the patient cannot be exposed to anything

harmful that may be used in an industrial setting to deal with a biofilm. A solution to this

www.manaraa.com



more complicated problem could provide a broader solution and save lives of struggling

patients.
1.2. Biofilms

Biofilms are formed when planktonic, or freely swimming, bacteria adsorb to a
surface and begin to form an extracellular matrix called extracellular polymeric substance
(EPS). One of the most well studied biofilm formers, P. aeruginosa attaches to a surface
irreversibly and is mediated by its single polar flagella and its type IV pili.?®® Once the
bacteria have attached to a surface the EPS is formed creating a protective layer for the
community of bacteria. With time, the bacteria replicate and can disperse causing a
systemic infection in the patient or colonization of another surface, see Figure 1.1.27% Not

all bacteria form biofilms, but the bacteria that do rely on quorum sensing.

Figure 1.1: Schematic of a Biofilm Formation. The basic formation of a biofilm on a
surface from free swimming bacteria.?’

1.2.1. Quorum Sensing

Bacteria communicate with each other via quorum sensing (QS). QS is

accomplished via autoinducers, small molecules that serve as signal molecules for bacteria.
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Bacteria constantly produce autoinducers and once a high enough population density is
reached, the binding frequency triggers signaling molecules that initiate virulence, specific
gene expression, or the formation of a biofilm.?83¢-4% Some of the most common and well-
studied quorum sensing molecules are the acyl-homoserine lactones, AHL.*** The two
major AHL signaling molecules for P. aeruginosa are butyryl-homoserine lactone, called
C4 AHL, and 3-oxo-dodecanolyl-homoserine lactone, called 3-oxo-C12 AHL, see Figure
1.2.4243 It was found that these signaling molecules differ not only in their structures, but
also in their delivery out of the cell. C4 AHL has been found to diffuse freely out of the
cell into the environment while 3-oxo-C12 AHL is transported across the cell membrane
through the MexAB-OprM efflux pump.*®* C4 AHL has been shown to affect virulence
through regulation of the type 1l secretion system and biofilm formation.*** 3-ox0-C12
AHL has been shown to regulate genes as well as inhibition of other species.***® 3-oxo-
C12 AHL has also been suggested to serve as a scaffolding, holding the biofilm
together.*>4” Quorum sensing holds an important role in the virulence, gene regulation, and
biofilm formation which can contribute to the resistance of these bacteria to antibiotics,

chemical treatment, and the immune system.
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Figure 1.2: Chemical Structure of Two Common Quorum Sensing Molecules. 1) 3-oxo-
C12 AHL and 2) C4 AHL which are similar in structure with differing carbon tails.

1.2.2. Increased Resistance

One reason for the increasing interest in biofilms is their heightened resistance to
antibiotics. Both antibiotics and the host’s immune system are not as effective against
biofilms as they are against planktonic bacteria,!”#8-! effectively negating the primary
clinical approach of antibiotic administration for bacterial infection.'®848 Bacterial
viability after exposure to antibiotics has been studied for many antibiotic concentrations
and planktonic bacteria typically show inhibition at concentrations significantly lower than
an antibiotic concentration of 128 pg/mL.>>* Biofilms, on the other hand, have been
shown to require up to 128 times higher antibiotic concentration to exhibit inhibition than
their planktonic counterpart.®®*® However, increasing the antibiotic concentration to
eradicate a biofilm leads to host cell toxicity long before eradication of biofilm bacteria
can occur.>” There are many factors currently being researched to better understand the

reasons for this increased resistance to antibiotics. Some of the reasons for the increase in
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antibiotic resistance in biofilms are the protection from the EPS, persister cells, efflux

pumps, and increased mutation rates.
1.2.3. Extracellular Polymeric Substance

EPS acts as a physical barrier and is the first line of defense for the bacteria from
the host immune system and antimicrobial agents. EPS is composed of glycolipids,
glycoproteins, polysaccharides, proteins, and DNA.%° For P. aeruginosa the majority of
the EPS is composed of Psl, Pel, alginate, and eDNA. Psl is a polymeric pentasaccharide
that is neutrally charged, while little is known about Pel’s positively charged polymeric
structure.>® Alginate helps initiate attachment and helps create a thick biofilm during the
initial development of the biofilm.%® The eDNA is of varying length and has no apparent
pattern indicating that it might be from stochastic lysis of bacteria in the biofilm. The eDNA
binds with the Pel to create a more structured architecture of the biofilm and provide more
support.®® This dense matrix creates a transport barrier for the cells involved in the immune
system denying them access to the bacteria. The EPS also creates transport limitations of
antibiotics, chemicals, nutrients, and oxygen.6-183161

A host’s immune system typically uses antibodies and phagocytes to mitigate
infections. In the case of a biofilm, the antibodies and phagocytes cannot reach all the
bacteria. The phagocytes actually do more harm to the host cells than to the biofilm due to
the secretion of phagocyte enzymes, which end up harming the surrounding host cells while
having a limited effect on the biofilm (Figure 1.3).161762 Additionally, the EPS limits
antibiotic diffusion through the biofilm. This limited diffusion results in lower
concentrations or no antibiotic present at the surface where the biofilm has formed, causing

a population of bacteria to be present post treatment. The surviving bacteria have now been

www.manaraa.com



exposed to a sub-minimal inhibition concentration of antibiotics which increases the

adaptive resistance of the bacteria significantly.®3-

==
Antiblotic

Antibody

Planktonic
cells

Biofilm
cells

Phagocyte
enzymes

Figure 1.3: Schematic of Frustrated Phagocytosis. Before a biofilm forms on a surface
(a) the bacteria are planktonic and susceptible to antibiotics, antibodies, and phagocytes.
As a biofilm starts to form (b), the bacteria inside the biofilm form the EPS which prevent
the antibodies, antibiotics, and phagocytes from reaching the bacteria. The biofilm
continues to grow and the host’s phagocytes start to secrete phagocyte enzymes (C) t0
further the attack the bacteria. The phagocyte enzymes do not reach the bacteria in the
biofilm, instead they begin to harm the healthy cells of the host (d).’

Not only does the EPS decrease the diffusivity of antimicrobials, it also decreases
the diffusion of nutrients and oxygen. It was found that the structure of the biofilm greatly
changes the nutrient and oxygen diffusion.*253%7 For uniform carpet biofilms (i.e. biofilms
with minimal structural changes across their surface) the decrease of oxygen is readily
observed with an aerobic environment seen about 100 pum into the biofilm. However, in
biofilms with more variation to their EPS and structure the oxygen limitations were smaller
since there was less of a diffusion limitation.®” Nutrient limitations have similarly been

observed creating pockets of bacteria that are dormant in the biofilm and therefore less

affected by antimicrobials.®®
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1.2.4. Persister Cells

Transport across the EPS is not the only problem biofilms pose for antibiotics; once
in the EPS, antibiotics still have been found to be ineffective. This decrease in efficacy
once in the EPS is speculated to be due to some bacteria niches in the biofilm decreasing
their metabolism, rendering reproduction inhibition or metabolic targeting drugs
useless.®% This dormancy is most likely due to decreased nutrients and oxygen to the
bacteria deeper in the biofilm, causing them to decrease their metabolism in order to
survive.53%768 This decreased metabolism has a direct effect on the efficacy of the
antibiotics since the majority of the antibiotics require the bacteria to be metabolically
active or to be actively dividing. For example, ciprofloxacin is a common antibiotic that
targets the DNA gyrase and topoisomerase 1V thereby hindering the cell’s ability to
replicate;®® however, if the bacteria are not actively reproducing this mechanism of action
is rendered ineffective. In addition to these persister cells the biofilm has means of actively
pumping out the antibiotics from the biofilm via efflux pumps, decreasing the

concentration of the antibiotics within the biofilm.
1.2.5. Efflux Pumps

Efflux pumps are a major contributor to P. aeruginosa virulence and its vast ability
to survive in a variety of hosts. Efflux pumps regulate the movement of molecules through
the cell membrane and are broken down into five families: the small multidrug resistance
(SMR) family, the multidrug and toxic-compound extrusion (MATE) family, the ATP-
binding cassette (ABC) superfamily, the major facilitator superfamily (MFS), and the
resistance nodulation division (RND) family.”® Efflux pumps can eject the antibiotics

before the drugs have a significant effect on the bacterium. Common efflux pumps
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identified thus far in P. aeruginosa are MexAB-OprM, MexCD-OprJ, MexEF-OprN,
MexXY-OprM, and MexJK-OprM.” One of the most prevalent efflux pumps known for
drug export in P. aeruginosa is the MexAB-OprM, belonging to the RND family, which
expels antibiotics such as B-lactams, fluoroquinolones, chloramphenicol, tetracycline, and
novobiocin, among others.>® Efflux pumps have been found not only to regulate the
expulsion of antibiotics, but also to export quorum sensing molecules, organic solvents,
detergents, and invasive particles from the host.>*? The presence of efflux pumps,
particularly MexAB-OprM, has been found to be upregulated in clinical strains rendering
antibiotics less effective.”*"® A sample of fluoroquinolone-resistant clinical isolates

showed that about 75% had an overexpression of efflux pumps.”

Environmental factors and the stage of growth have been found to affect the
expression of the mexAB-oprM gene. The major factors that have been discovered thus far
are the phase of growth, oxidative stress, and disinfectants like pentachlorophenol. The
production of MexAB-OprM is lowest during the lag phase and slowly increases during
the exponential phase, hitting a maximum production at the late log phase.”™"® The same
result was seen both in planktonic and biofilms alike, but with a pronounced decrease in
MexAB-OprM production for biofilms with extended growth time, speculated to be due to
the decrease in metabolic activity in the cells. This is supported by the observed decrease
in efflux pump production as the biofilm thickened. In addition, the bacteria on the
substratum showed the highest rate of efflux pump expression compared to their
neighboring bacterial cells further inside the biofilm.”® This is explained via the oxidation
of two cysteines in MexR which creates conformational changes making the repressor no

longer able to bind to the DNA promoter and therefore mexAB-oprM is freely
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expressed.””’® Since reactive oxygen species are produced in more abundance during
growth this might be why there is a greater presence of MexAB-OprM during growth phase
and not as much during the lag and stationary phase. Reactive oxygen species are often
used as disinfectants and used by human immune systems in macrophages to get rid of
pathogens. However, since this upregulates the MexAB-OprM efflux pump it could be a
factor for why many hospital isolates of P. aeruginosa have overexpressed MexAB-OprM.
One such disinfectant is pentachlorophenol which upregulates MexAB-OprM
production.”””® This means that a hospital setting may increase the overexpression of

MexAB-OprM in P. aeruginosa, rendering the bacteria more resistant to antibiotics.
1.2.6. Increased Mutations

The bacteria in biofilms have an increased mutation rate and differ in their
regulations to increase their resistance. As mentioned before, some efflux pumps can pump
out antibiotics and other antimicrobials and these can be upregulated in biofilms and are
an intrinsic defense of P. aeruginosa. For example, the MexAB-OprM and the MexXY -
OprM efflux pumps can pump out sulfonamides, tetracycline, novobiocin, macrolides,
fluoroquinolones, chloramphenicol, P-lactams, and aminoglycosides.? The outer
membrane can also change its permeability to antibiotics, and P. aeruginosa has been
shown to be effective at this with a ten to one hundred-fold less permeable outer membrane
than Escherichia coli.?® Not only do biofilms have intrinsic defense mechanisms they also
have adaptive defense mechanisms that increase their resistance. Through conjugation,
transformation, or transduction bacteria can share resistant genes via DNA elements, such
as plasmids, transposons, prophages, resistance islands, and integrons.?® This information

exchange can lead to all sorts of increased resistance, for example, a mobile genetic unit
10
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containing genes for an aminoglycoside-modifying-enzyme decreases the binding efficacy
of aminoglycosides, a family of antibiotics, to the 30S ribosomal subunit, rendering them
less effective.®9 Natural mutations leading to resistance occur at a greater rate in the bacteria
in a biofilm by over 100-fold more frequent than in their planktonic counterparts.®* The
many forms employed by bacteria in biofilms to increase their resistance to antimicrobials

has created a growing problem that antibiotics on their own cannot solve.
1.3. Methods Currently Used to Deal with Biofilms
1.3.1. Prevention of Biofilm Formation

Techniques currently being investigated to decrease biofilm formation on implant
surfaces include the inhibition of microbial adhesion, prevention of biofilm formation, and
methods of mitigating the established biofilms. The means of inhibition of microbial
adhesion are being studied using hydrophilic coatings and antimicrobial coatings.?330:82
The hydrophilic coatings have been shown to decrease the amount of bacteria that adhere
to the device’s surface.?3828% However, these coatings also decrease the adsorption of
mammalian cells, decreasing the ability of the device to be fully incorporated into the
patient®? and even low numbers of bacteria can still form a biofilm. Materials such as metals
and polymers that prevent bacterial adhesion have shown some progress in preventing
biofilm formation. The use of metals is a popular method for antifouling surfaces and has
been shown to greatly decrease the attachment of bacteria to the surface.®2¢ However,
these surfaces can be coated by proteins from the body creating a protective layer between
the bacteria and the metal, rendering the initial antimicrobial surface ineffective.'** A
more promising antifouling approach utilizes a copolymer containing brushes that

reversibly change the surface from antifouling activity to bactericidal. This copolymer was
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found to decrease the bacterial adherence and clear the presence of the proteins, but it
requires a cooling step to 4 °C which is very difficult to reach within a patient for an
implanted device.®” For most of these surface adherence mechanisms the tissue cells have
also shown to adhere to the surface and spread at a slower rate increasing the recovery time

due to slower tissue integration.%®

Antimicrobial coatings are being studied by placing the antibiotics in a coating on
the surface of the device with a release mechanism within the coating. The antibiotics
released from the coating have shown a significant decrease in the targeted bacteria, but an
increase in the non-targeted bacteria,® which can be equally harmful to the patient.
Similarly, antibiotic polymer beads are currently being used in the clinical setting for
implants requiring cement. The antibiotics elute out of the polymer beads and the bone
cement to the biofilm; however, this technique has shown to elute antibiotics in sub-
minimal concentrations increasing the prevalence of resistance to the antibiotic.®%2

Techniques being researched on the prevention of biofilm formation, rather than bacteria

adsorption or antibiotic elution, appear to be more promising.

As seen in Figure 1.4, a chemical that is similar in structure to the quorum sensing
autoinducers will bind to the receptor sites of the bacteria instead of the autoinducers,
creating a signal block that ultimately prevents the biofilm formation without triggering
the signal themselves.®393% |t has been found that the usage of norbgugaine in P.
aeruginosa effectively blocks quorum sensing and decreases biofilm formation by 83%.%¢
Although this is an effective tool, autoinducers are different for each bacterial species.
Therefore, many different quorum sensing interfering molecules would have to be used to

block any biofilm formation. Additionally, the potential for the emergence of multi-quorum
12
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sensing inhibitor resistant bacteria is high indicating that the use of quorum sensing

inhibitors may result in a similar problem as seen with multiple drug resistant bacteria.®®

" = Q8 interfering molecule

Figure 1.4: Schematic of Quorum Sensing Blocking. Using quorum sensing interfering
molecules as a means to deter biofilm formation on a device's surface. The X represents
the blocking of quorum sensing and blocking the formation of the biofilm.%

1.3.2. Treating Biofilm Infection Once Formed

Another means of fighting biofilm infections on implant surfaces is to address
already fully-developed biofilms. One technique uses an enzyme that breaks down EPS
and exposes the bacteria to the host’s immune system and to antibiotics.®® Disrupting
biofilms through magnetic nanoparticles coated in antibiotics with enzymes that break
down EPS provides another option. This method allows the nanoparticles to be
magnetically directed to the biofilm and the antibiotics to be distributed more intensely
around the biofilm as the enzymes break down the EPS.3%°7 This requires directing small
drug systems through the body using a magnet which is very difficult to do, especially with
large variation from one human body to the next. With the large increase in efflux pumps
removing antimicrobials from the cells and biofilms many treatment plans will be
ineffective anyway, therefore, methods addressing the efflux pumps by preventing them

from pumping out the antibiotics is another valid treatment stragety.
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Currently researchers are investigating novel ways of dealing with the increased
resistance to antibiotics and cleaning agents that MexAB-OprM efflux pumps facilitate.
The leading research on MexAB-OprM efflux pumps is exploring ways to administer a
molecule that downregulates, blocks, or decreases the efflux pump’s efficacy while
administering a combined treatment with antibiotics. Phenylalanine arginyl J3-
naphthylamide has a competitive mechanism of inhibition of MexAB-OprM efflux pumps
which blocks the pump from effectively pumping out other molecules, such as antibiotics.*®
Analogues of quinolones or pyridopyrimidine scaffolds have been effective since they
interact with MexAB-OprM and just need different side chains to get the molecules to
block efflux by binding to the MexB receptor site. The use of tetrazole as a side chain on
these scaffolds is the most promising of the analogues when combined with the antibiotic
treatment of levofloxacin or sitafloxacin.®®%®° The tetrazole ring interacts with the MexB
residues Asp274, Arg620, and Lys151 blocking the binding of other molecules thereby
preventing the movement of antibiotics out of the cell.®® Azithromycin suppresses the
expression of MexAB-OprM by about 70%.1% This results in a two to four-fold increase
in susceptibility to antibiotics, including novobiocin, chloramphenicol, tetracycline,
carbenicillin, and aztreonam. The most promising combined treatment thus far is the
synergistic effects of lanatoside C and levofloxacin which has a six-fold decrease in the
minimum inhibitory concentration.?® These molecules show promise for a means of dealing
with the increased antibiotic resistance that P. aeruginosa efflux pumps, particularly

MexAB-OprM, express.

Physical disruption of the biofilm has been investigated heavily with many

innovative ideas. The use of near infrared lasers has been shown to be successful at killing
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biofilms and has been employed for wound cleaning. It has also been suggested for use for
a cranial biofilm infection for patients with a transparent implant in the scalp.®? The
biofilm was disrupted, however, the application of a near infrared laser requires a direct
line of site to the biofilm for the laser since the laser can damage healthy tissue in its
pathway. This makes it only applicable to biofilms that can be directly viewed with no
healthy tissue in between the laser and the biofilm, limiting the use to a small subset of
medical applications. Another form of physical disruption of the biofilm is the use of
ultrasonic waves. Ultrasonic waves show great promise in conjunction with antibiotics for
E. coli, decreasing its viability count to nearly indetectable levels. However, this method
was found to not be as effective against all biofilm forming species. Other species showed
to have little to no observable difference with the treatment potentially due to stronger cell
walls and biofilm matrices.1%*1% This variation in efficacy depending on the species of
bacteria makes the identification of the bacterial species in the biofilm an important step
and it is possible that the method could be ineffective against most bacterial biofilms. DC-
current has proven to be more effective for killing the bacteria in a biofilm bone pin implant
infection.1%-197 In a goat bone pin model 88% of the goats showed no sign of infection post
DC-current treatment.'®® The improvement of these infected bone pins was impressive,
however, it requires either a large on-board power supply and telemetry or protruding

external connections, both of which are undesirable for implanted devices.

The application of heat is another way to treat biofilms that have grown on an
implant’s surface. Most of the research using heat as a means to mitigate biofilms has been
done within food industries. One example of these trials was done by Chmielewski and

Frank. They studied the reduction of Listeria monocytogenes viability using heated water
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flushed through food processing reactors as a way to disinfect the rubber gaskets where
these biofilms have been found to grow. It was discovered that at higher temperatures the

exposure time required to kill off the biofilms decreased linearly with temperature.'%

Similar studies have been done using magnetic nanoparticles as the heat source.
This heating can be achieved remotely via the use of an alternating magnetic field. The
application of an alternating magnetic field to a magnetic nanoparticle causes the
nanoparticle’s atomic dipole to correspondingly change directions with the applied field.
This change in field direction either rotates the particle with it or changes the atomic dipole
without moving the particle itself, a process called Néel relaxation, depending on the
surrounding matrix and applied frequency.®®1% This change of the atomic dipole direction
causes the nanoparticles to heat. Park et al. studied superparamagnetic iron oxide
nanoparticles and their heating properties, and demonstrated this by applying them directly
to a P. aeruginosa biofilm to show that remote heating of the nanoparticles would kill the

bacteria in the biofilm via hyperthermia.

These experiments show it is possible to mitigate biofilms with heat from
nanoparticles. This can be taken a step further and would be even more effective with
nanoparticles embedded and fixed to an implant’s surface. Because the nanoparticles heat
without movement, iron oxide nanoparticles can be stationary in a coating and still
accomplish heating. In addition to the ability to heat while remaining stationary, the
presence of iron oxide nanoparticles has been shown to increase the thermal stability of
polyvinyl alcohol (PVA).1! This stability is theorized to be from hydrogen bonds on the
PVA connecting to the hydroxyl groups on the nanoparticles, thereby increasing the cross-

linking within the polymer. This increased cross-linking has been proven to increase the
16

www.manaraa.com



11 which could also

melting temperature of the PVA and increase its thermal stability,
apply to other more biocompatible polymers. Thus far, the Nuxoll lab has shown that PVA
cross-linked with glutaraldehyde is thermally stable and the amount of cross-linking can
control whether or not the polymer remains or dissolves after heating. The fine control over
the thermal stability or degradation with temperature allows for control over the coating to
be a one-time use or a coating that remains for future heating applications. For the case
when the polymer coating remains on the implant’s surface, longevity tests of 16 months
have been performed and have shown little sign of the polymer dissolving. Additionally,
the normalized heating rate was measured after the longevity tests and there was a modest
decrease, but this was attributed to the oxidation of the nanoparticles rather than loss of
nanoparticles to the solution.'!? This fine control over the polymer’s thermal stability or

degradation with the application of heat an implant’s surface coating can be changed for

the desired effect.

The superparamagnetic iron oxide nanoparticles embedded in a polymer coating
allow for wireless heating of an implant and the eradication of bacteria adhered to the
surface. When the nanoparticles are exposed to an alternating magnetic field, the atomic
dipoles in the nanoparticles change direction with the alternating magnetic field, causing
the nanoparticles to heat. The ability to remotely heat just the implant’s surface minimizes
damage to the surrounding healthy tissue while providing an alternative sterilization
technique. The synergistic effects of heating with antibiotics could allow for an increased
efficacy of both the heating and antibiotics at lower intensities.*'? In addition, heat has been
shown to increase the host’s defenses via the production of heat-shock proteins by the

bacteria, which are more readily recognized by the host’s immune system.**'® This
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heating could kill the biofilm and give the patient a chance to recover from a biofilm
infection without having another major surgery to explant the implanted device and a third

surgery for a new implant once the infection is gone.
1.4. In Vitro Methods to Investigate Biofilms

To develop a medical process or device several steps must be followed before
implementation in a clinical setting can occur. Initially in vitro trials should be performed
to better understand the science behind the effects of the process or device. Biofilms are
typically studied in vitro before moving to a more complex model, such as a mouse model,
to better understand the biofilm behaviors and to minimize unnecessary animal trials.
Monoculture biofilms are studied initially to better understand the way a single bacterial
species will react before increasing the complexity by adding a second bacterial species to
the mixture. P. aeruginosa was used in vitro to better understand the necessary

temperatures, exposure times, and antibiotics to effectively eradicate a biofilm.

An important aspect of this research was the use of different in vitro biofilm growth
techniques. Three different reactor types were used, a drip flow reactor (DFR), a shaker
table, and an MBEC™ assay to better understand the biofilms and their thermal and
antibiotic susceptibility. The DFR-grown biofilms produced large population biofilms
which were used for quantifying the amount of decrease in bacterial population density for
the full range of temperatures and exposure times. The large population was required for
investigating the full parameter space since the highest temperature and longest exposure
time resulted in a six order of magnitude reduction, requiring a large population density to
accurately quantify the decrease in population. The shaker table-grown biofilms were more

robust and had smaller population densities which may simulate biofilms found in the
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human body better than the DFR-grown biofilms. These biofilms responded differently to
the heat shocks, which improved the treatment plan parameters for future trials. To
investigate the combined effect of heat and antibiotics a more high-throughput method was
needed since the number of variables increased dramatically. The heat shock presented two
variables, temperature and exposure time, while the antibiotics introduced two more
variables, type of antibiotic and the concentration. For these trials the MBEC™ assay was

used for its high-throughput capabilities.
1.4.1. Pseudomonas aeruginosa

P. aeruginosa is a ubiquitous, rod shaped, Gram-negative bacteria that is an
opportunistic pathogen that is attributed to infections worldwide.”*"311¢ P, aeruginosa is
found in soil, plants, insects, animals, and people. Due to such a broad range of possible
hosts, P. aeruginosa has various defensive mechanisms for surviving in each environment,
which allows it to be robust and abundant. Within a hospital setting it accounts for many
infections including patients in intensive care units on ventilators, patients with catheters,
burn patients, infants and newborns, and patients with cystic fibrosis to name a few.2%-34117
The spread of P. aeruginosa is varied because it can thrive in multiple environments and it
can be spread via surgical equipment, hospital staff hands, surfaces such as door knobs,
droplets, and aerosolization.*'® A survey of Mexican hospital intensive care units showed
that, of the infected patients, 28% contracted P. aeruginosa; similarly in San Fernando,
Trinidad, 35% of the 530 isolates were identified as P. aeruginosa.*® A major reason for

the prevalence and resistance of P. aeruginosa is its ability to readily form a biofilm.
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1.4.2. Drip Flow Reactor

The DFR, obtained from Biosurface Technologies Corporation, Bozeman, MT, and
seen in Figure 1.5, uses a fully frosted microscope slide as the substrate for growth in each
well and has a steady drip of nutrients pumped from fresh media for the majority of the
biofilms’ growth. There are two distinct phases to the DFR operations, the batch mode and
the continuous mode. The batch mode consists of placing media and inoculum into each
well and allowing the bacteria to adhere to the microscope slides’ surfaces for four hours
by keeping the reactor flat. Once those four hours have passed the reactor goes into
continuous mode by placing the reactor into a 10-degree slope and initiating a steady drip
of fresh media onto the upper end of the nascent biofilm, from which it flows down across
the biofilm to the waste portal at the lower end. The continuous phase is continued for the
desired amount of growth time, 24 hours, and used for the experiments in Chapter 3 and 4.
After the desired amount of growth time has passed the microscope slides are easily
removed and placed into a heat shock well for thermal shock experiments. Visually, these
biofilms are thick and have a clear growth on the surface which can be seen by the naked
eye. Through microscopy and plating it was found that these biofilms grow to be about 100
to 150 um thick covering all of the microscope slide’s surface and have a high population
density. The DFR produces highly populated biofilms which is quite advantageous;
however, the growth procedure requires a large volume of broth and creates a lot of waste

to dispose of, both of which are resource and time intensive.

20

www.manaraa.com



Figure 1.5: Picture of the Drip Flow Reactor (DFR). The drip flow reactor has 4
channels, one for each microscope slide, to be placed with lids that have a port for a needle
for the inlet broth drip and an outlet at the bottom of each well for waste collection.

1.4.3. Shaker Table

The shaker table-grown biofilms were grown in a 4-well dish, see Figure 1.6, with
fully frosted microscope slides as the growth surface, similar to the DFR-grown biofilms.
The broth and inoculum are placed into each well, the same as the DFR, and the plate
sealed via Parafilm®. The plate is then placed on an orbital shaker and the biofilms were
allowed to grow in those conditions until the end of the desired growing period. This
growth method produced much smaller amounts of bacteria in the biofilms with biofilm
thicknesses reaching 50 um. The growth of these biofilms was not always visible to the
naked eye and did not cover the whole microscope surface. Shaker table-grown biofilms
require less broth and less waste disposal making them easier to grow. It was also found

that this technique of growing the biofilms made for hardier bacteria to kill thermally as

discussed in Chapter 5.
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Figure 1.6: Picture of the Shaker Table Setup. The 4-well dish has a microscope slide
placed into each well along with broth and inoculum and placed on an orbital shaker table
once sealed for the biofilm growth.

1.4.4. MBEC™ Assay

The third biofilm growth technique used was the MBEC™ assay. This method was
more similar to the shaker table method, but allowed for a higher throughput than either
previous method. The MBEC™ assays were obtained from Innovotech, Edmonton, AB,
Canada in individual sterile packaging. The assay consists of a 96-well plate with an array
of pegs that fit into each well from the lid as shown in Figure 1.7. The starting broth and
inoculum concentrations were the same as the other two methods and placed into each well.
Similar to the shaker table method the assay was sealed with Parafilm® and placed on an
orbital shaker. The biofilms on the lid pegs were allowed to grow in these conditions and
were easily transferred to a challenge plate when the biofilms were needed for an
experiment. The MBEC™ assays provided the highest throughput of the three methods
and produced biofilms more similar in nature to the shaker table biofilms than the DFR

biofilms. This technique was less labor intensive for the amount of data gained and was
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used to gather the data when many factors were at play making the other methods too time

consuming and difficult to run, as seen in Chapter 7.

Figure 1.7: Picture of an MBEC™ Assay’s Trough and Peg Lid Setup. The MBEC™
assay consists of a 96-well microtiter plate and corresponding pegs attached to the lid for
biofilms to grow on and to move the biofilms to challenge plates rapidly and easily for all
96 biofilms.

The growth conditions studied via these three different methods provided valuable
information about the different biofilm formations and how their growth conditions change
the way the biofilms react to a treatment. Through the use of these growth methods and
their thermal shock and antibiotic exposures, a better understanding of the requirements
for an in situ wireless heating device via a superparamagnetic iron oxide nanoparticle,

SPION, coating was determined. The development of such a novel coating could improve

the lives of many patients and decrease the United State expenditure on infected implants

by millions of dollars.
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CHAPTER 2: OBJECTIVES

Biofilms cause many hospital setting infections which are difficult to eradicate due
to several factors including their extracellular polymeric substance that protects the bacteria
and prevents them from being effectively treated with antimicrobials alone. This
persistence in infections and biofouling creates a huge financial burden in the medical and
industrial world and constitutes an ongoing medical crisis. Patients who obtain biofilm
infections on their implanted devices frequently must have their implant removed and
undergo an aggressive course of antibiotics before a new implant can be implanted. This
process requires many invasive surgeries resulting in poor patient quality of life and costs
the United States billions of dollars annually. Means for dealing with these infections have
been investigated for years, but few result in full eradication of the biofilm, resulting in a
resurgent of the infection and increased resistance to the treatment. Heat has been used to
reliably eliminate biofilms for hundreds of years, but the temperatures employed are
infeasible for many applications, particularly in vivo medical treatment. The development
of a superparamagnetic iron oxide nanoparticle, SPION, coating has been shown to
effectively heat a surface wirelessly and can be applied to the surface of a medically
implanted device to treat a biofilm infection. However, what temperatures are needed and
how long those temperatures need to be held to kill off the biofilm need to be investigated

to properly tune the parameters of the material.

In this work, | aimed to determine the required thermal shock temperature and
exposure times of Pseudomonas aeruginosa biofilms based on their growth environment
and regrowth potential, their thermal shock source, and the combined effect of the heat

with antibiotics. This was investigated by the following goals:
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1. Quantify and model the efficacy of thermal shock on biofilms across the

full range of possible temperatures

2. Determine the most quantitative analysis technique for quantifying the large

population decreases observed from treatments

3. Examine the thermal shock susceptibility of biofilms grown in different

environments and their regrowth potential

4. Study the thermal effect from a SPION coating when compared to water

bath heating

5. Identify the required temperatures and exposure times for effective biofilm

mitigation when combined with antibiotics.

Chapter 3 addresses the first objective by investigating the full range of
temperatures and exposure times with the use of drip flow reactor grown biofilms. The
biofilms grown in a drip flow reactor typically form large, bacterially dense biofilms
allowing for a large drop in viable bacteria populations to be observed, quantifying up to 7
orders of magnitude reduction. These biofilms were immature, grown for 24 hours, and
were heat shocked at temperatures ranging from 50 °C to 80 °C, with controls at 37 °C, for
exposure times ranging from 1 minute to 30 minutes. The results facilitated the
development of a predictive model which could be used for future investigations and could
determine needed temperatures and exposure times for a desired amount of bacterial

reduction in a biofilm.

To address the most quantitative analysis technique, objective two, the drip flow

reactor biofilms post heat shock were analyzed via a dilution and plating method and
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microscopy to determine the best analysis technique (Chapter 4). The dilution and plating
method is a reliable and common form of analysis among microbiologists for quantification
of the bacteria. Microscopy is far more data-rich, providing information about both live
and dead bacteria with spatial information on each, and with a faster feedback time, though
typically with less quantification. The microscopy images could be quantified through
thresholding and pixel counts when the bacteria are dyed one color when dead and another
when alive. These two analysis techniques were investigated to determine the best form of
quantification for future investigations. Quantification was best facilitated via the dilution
and plating method since the bacterial population density decreased on a logarithmic scale,
which is more easily quantified via dilution and plating rather than microscopy image
analysis. However, the microscopy image analysis provided valuable information about
morphology that the other technique could not provide, therefore, the two techniques were

found to be complementary in nature.

The third objective, addressed in Chapter 5, compares the thermal susceptibility of
biofilms grown in different conditions and investigates the regrowth potential of biofilms
after the heat shock. More mature biofilms were grown in harsher conditions in varied
media and compared to one another and compared to the biofilms grown in the drip flow
reactor. The maturity of the biofilms and the harsher conditions had a larger impact on the
thermal susceptibility of the bacteria than the growth medium did. A predictive model
developed from the drip flow reactor grown biofilms, discussed in Chapter 3, was
compared to the shaker table grown biofilms to determine if it was robust enough to predict
the bacterial reduction of biofilms grown in different conditions and was found to be a

good predictor of the number of viable bacteria after heat shocks at the higher temperatures,
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however the lower temperature heat shock responses were not as consistent. This indicated
that the higher temperatures were a more consistent treatment and more robust for a variety
of biofilms. The biofilm regrowth post heat shock was investigated to determine the
bacteria’s ability to regrow as a biofilm and the growth rate changes post heat shock. These
trials indicated a population density threshold, above which the bacteria will thrive in a
biofilm again, below the threshold the bacteria failed to grow in a biofilm post heat shock.
With this information, a treatment could bring the bacterial population density below that

threshold to be considered a successful treatment.

Chapter 6 addresses objective four by demonstrating the use of the SPION coating
to thermally shock the biofilms and comparing those results to the thermal shocks
preformed in a water bath. Since all of the earlier heat shocks were done in a thermostatted
water bath, the use of the SPION coating to wirelessly heat the biofilm was demonstrated
and compared to the previous heat shocks. Temperatures ranging from 50 °C to 80 °C, with
controls at 37 °C, and exposure times of 1 to 30 minutes were investigated. This
comparison was done to determine the effect of the heat shock on the biofilm when the
heat was coming from the substrate surface versus the surrounding area, as seen in a water
bath. The SPION coating did have similar results to the water bath indicating that the water
bath trials still hold pertinent information for the real-world application of heat shocking

the biofilms in situ via a SPION coating.

Finally, objective five, the use of heat in conjunction with antibiotics was
investigated to determine the combined effect of each treatment (Chapter 7). Most patients
are treated with antibiotics at the first sign of infection and continue a course of antibiotics

throughout other treatments. Due to the presence of antibiotics in the body during the
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treatment of an infected implant the combined effect of heat and antibiotics on the biofilm
is of particular interest. High throughput biofilm reactors were used to investigate the effect
of thermal shock at a temperature range of 37 °C to 80 °C for 1 to 30 minutes, while
exposed to antibiotics. Ciprofloxacin, tobramycin, and erythromycin were all identified as
having stable chemical confirmations at the temperature range covered in these
experiments and effective against P. aeruginosa planktonic bacteria while each had a
different mechanism of action to better understand the effect of the combined treatment.
The synergism of these orthogonal treatment strategies was studied and can be used for

combined treatments for patients.

These experiments provide a better understanding of biofilms and what
temperatures and exposure times are required for mitigating biofilms on an implant device.
With this information, a better design of the SPION coating can be developed for wireless
in situ heating of implanted devices. This technology can also be applied to industrial
applications components that struggle with biofilm growth but are hard to reach for
disinfecting, or for polymers with a low glass transition that cannot be autoclaved.
Furthermore, this research helps to broaden the understanding of biofilms, the effect of
heat on the biofilm and the combined therapy of heat and antibiotics to treat biofilms. The
knowledge gained from these objectives will improve the development of the SPION
coating and the technology would obviate thousands of surgeries a year in the United States

alone and save patients from undergoing the long recovery process they currently endure.
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CHAPTER 3: DRIP FLOW REACTOR GROWN PSEUDOMONAS

AERUGINOSA BIOFILMS THERMAL MITIGATION®

3.1. Introduction

In order to design an efficient superparamagnetic iron oxide nanoparticle coating
that will effectively mitigate biofilm infections in situ for patients with implant infections
a better understanding of the required temperature and exposure time to kill the bacteria
needed to be established. Pasteurization protocols have been used at a variety of
temperatures for over a century, and thermal sterilization of biofilms at temperatures above
120 °C on medical and food processing equipment is also standard. Surprisingly little is
known, however, about the cell viability of bacterial biofilms at more accessible
temperatures (< 90 °C). One group has developed a predictive model for heat inactivation
of Listeria monocytogenes biofilms on food processing equipment at 70 — 80 °C,%® and
another briefly studied heating effects on Pseudomonas aeruginosa biofilms when dosing
them with superparamagnetic nanoparticles.*'® However, the nanoparticles may have
induced their own negative effect on the bacteria and may not have applied the heat
throughout the entire biofilm evenly. If the heat shock is too mild, then the biofilm will not
be eradicated and may come back more resistant to the heat than before. If the heat shock
is too aggressive then the surrounding tissue may be damaged unnecessarily. Additionally,
the exposure time to the temperature will change the susceptibility of the biofilms adding

another variable that needs to be investigated. Both the exposure time and the temperature

“Adapted by permission of Taylor & Francis LLC from O’Toole, A., Ricker, E. B. &
Nuxoll, E. Thermal mitigation of Pseudomonas aeruginosa biofilms. Biofouling 31, 665—
675 (2015)*?°
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have their own effect and may result in different positive or negative effects when used
clinically so a model is necessary to determine the range of viable treatments.

The drip flow reactor has been shown to be a good model for growing large,
bacterial dense, biofilms.*?® This was in comparison to other growth means, such as the
shaker plate biofilm, explored more in Chapter 5, which had lower density biofilms than
the drip flow reactor-grown biofilms. It was discovered early on that in order to quantify
the amount of bacterial death observed a very high number of bacteria was required to
accurately report the reduction. The drip flow reactor biofilms were large in population and
could easily be quantified even in the face of large population reduction. The large, thick
biofilms were also visible to the naked eye allowing for visual confirmation, in addition to
quantification, of consistent growth from one trial to the next. For this chapter, the amount
of bacterial cell death at temperatures ranging from 50 to 80 °C for exposure times ranging
from 1 to 30 minutes was systematically quantified across the entire parameter space and
correlated mathematically to each parameter. In conjunction with the development of a
composite coating which can generate these temperatures precisely at the implant surface
using an alternating magnetic field, this work aims to develop a new approach to mitigating

biofilm infections on medical implants.
3.2. Materials and Methods
3.2.1. Organism and Inoculum

Pseudomonas aeruginosa biofilms have been heavily investigated and is
commonly associated with nosocomial infections (Drenkard and Ausubel 2002, Gellatly
and Hancock 2013). P. aeruginosa reference strain PAO1 (16952, American Type Culture

Collection, Manassas, VA) was used for the current study. This strain is representative of
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typical P. aeruginosa found in a nosocomial setting. For each trial, the bacteria were
isolated from a frozen glycerol stock culture and streaked on an agar-filled plate (Difco
Nutrient Agar, Sparks, MD). Using a sterile inoculum loop (VWR, Randor, PA) bacteria
was scraped off of the stock agar slant in a biosafety cabinet and then gently streaked onto
an agar plate. The first streak took up about a third of the agar plate starting from the wall
and working in. Using a new sterile inoculum loop the next streak was made by dragging
the loop across the previous streak next to the wall of the plate and brought in to take up
about another third of the plate. The final streak was performed with a new sterile inoculum
loop by dragging across the second streak’s end, next to the plate wall, and brought in to
the remaining unused surface of the agar plate, as seen in Figure 3.1. This technique is used
to dilute the sample enough so that once the bacteria grow, individual colony forming units
(CFUs) can be isolated. The streaked plate was incubated for 24 hours at 37°C, and then
two colonies were used to inoculate 5 mL of tryptic soy broth (TSB) using a sterile
inoculum loop. Prior to inoculation, TSB was autoclaved at 121 °C and cooled to room
temperature. The inoculum was incubated at 37 °C in a sealed glass culture tube. Initially,
1 mL samples were removed periodically over the course of 36 hours and quantified via
direct enumeration as described below in order to characterize the inoculum’s growth

curve. Inoculum for the heat shock trials was incubated at 37 °C for 24 hours.
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Figure 3.1: Schematic of a Streak Plate Procedure. To streak a plate a sterile inoculum
loop is used to gently streak each section starting with the first section and then streaking
the next two sections to get three different dilutions of growth on the plate.

3.2.2. Media

Tryptic soy broth (TSB, BD Bacto, Sparks, MD) was obtained as a dry powder and
dissolved in a ratio of 30 g / 1 L deionized water by heating in a 700 W microwave for 10
minutes. It was autoclaved at 121 °C and cooled to room temperature prior to use.
Components for glucose-enhanced media were obtained from Fisher Scientific (Waltham,
MA), consisting of 5.232 g MOPS free acid, 4.3 g potassium monophosphate, 2.7 ¢
potassium phosphate dibasic, 24 mg magnesium sulfate and 1.44 mg ferrous sulfate
heptahydrate in 500 mL of deionized water. Once mixed well this media was vacuum
filtered to ensure sterility. The vacuum filtration was done with a nylon, 0.2 um filter size
filtration system (VWR, Radnor, PA) and attached to a vacuum water facet and the water

run to pull the vacuum until all the solution was pulled through.
3.2.3. Drip Flow Reactor Biofilm Culturing

Biofilms were cultured in a 4-channel drip flow reactor (DFR, Biosurface
Technologies Corporation, Bozeman, MT) according to ASTM standard E2647-08.

Briefly, a single-side, fully-frosted glass microscope slide was placed in each channel along
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with 15 mL of TSB and 1 mL of P. aeruginosa inoculum. The reactor was incubated at 37
°C for 4 hours, followed by tilting the channels by 10° in the longitudinal direction so that
the media would drain from the channel. Fresh media was constantly dripped on the raised
end of the slide at a rate of 1.25 L / day per channel, administered by a four-channel
peristaltic pump (MasterFlex L/S, Cole-Parmer, Vernon Hills, IL). Dripping continued for
24 hours, producing thick, uniform biofilms with an average bacterial density of 1.65 x 10°

CFU/cm?2.
3.2.4. Thermal Shock

To expose the biofilms to a uniform, precise temperature for a defined time period,
thermal shock was performed by immersion in pre-heated water. A polystyrene 4-well
rectangular plate (Thermo Scientific Nunc, Rochester, NY) was filled with 5 mL de-
ionized water per well, covered, sealed in parafilm, and submerged in a thermostatted water

bath (Isotemp 3013P, Fisher Scientific, Pittsburgh, PA) to preheat the water and plate.

Each well contained two type T thermocouples by which the well temperatures
were recorded throughout the trial. Slides from the biofilm reactor were quickly transferred
into the plate, one per well, and the plate was resealed and submerged for the prescribed
thermal exposure time. The microscope slides with the biofilms were then transferred out
of the thermal shock plate into a polystyrene 4-well plate with 5 mL / well of fresh media
at room temperature and immediately quantified. The DFR biofilms were thermally
shocked at temperatures of 50, 60, 70, and 80 °C in addition to 37 °C controls, with
exposure times of 1, 2, 5, 10, 15, 20, and 30 minutes at each temperature. A minimum of
three multi-biofilm trials were performed on each time/temperature combination, with

replicates occurring on separate days in random order.
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3.2.5. Confocal Laser Scanning Microscopy

The architectural characteristics and thickness of the biofilms were evaluated using
confocal laser scanning microscopy (CLSM). In this technique, light from a single focal
plane is collected; by stepping through multiple focal planes, a three-dimensional image of
the sample is generated. Fluorescent dyes from a LIVE/DEAD BacLight Bacterial
Viability Kit (Invitrogen, Eugene, OR) were used for imaging. The dyes are based on
membrane integrity, with SYTO 9 entering all cells and fluorescing green when complexed
with DNA. Propidium iodide enters only cells with disrupted membranes, quenching
SYTO 9 and fluorescing red when complexed with DNA. Dyed biofilms were analyzed
using an upright Bio-Rad 1024 confocal microscope with Kr/Ar lasers emitting at 488 and
568 nm to excite SYTO 9 and propidium iodide, respectively. Images were collected by
scanning the entire sample area with one laser and collecting the resulting fluorescent light,
followed by a scan using the other laser to minimize the effect of excitation/emission
overlap. Each recorded image is the average of four sets of scans, recording a 512 x 512
pixel array with 256 intensity levels. Samples were imaged through a 40x water-immersion

lens in 1 um vertical increments. Subsequent image analysis was performed using ImageJ.
3.2.6. Quantification Via Direct Enumeration

While microscopy allows rapid analysis and determination of the spatial
distribution of bacteria within the biofilm, its quantification limits for biofilm bacterial load
are modest. To quantify the reduction in colony forming unit (CFU) concentration over
multiple orders of magnitude direct enumeration was used. The polystyrene 4-well plate
containing thermally shocked biofilms, each in 5 mL of fresh, room-temperature media

was sealed and placed in a 45 kHz sonication bath (VWR 9.5L, Radnor, PA) for 10 minutes
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to disrupt the polysaccharide matrix and homogenize the bacteria into the media. After
sonication, a 100 pL sample was taken from each well and serially diluted by factors of 10
across several culture tubes. Samples of 100 pL from each culture tube were spread across
agar-filled petri dishes using glass beads, then incubated at 37 °C for 24 hours. Duplicate
dilutions and plating were performed for every biofilm. Following incubation, the number
of colonies on each agar plate were counted. The logarithm of the CFU concentration in

the biofilm was then calculated using Equation 3.1:

CFU iluti 5mL 2 .
log (W) = log [(plate count) * 1QPution Factor (ﬁ) /18.75 %](Equatlon 3.1)

where plate count is the number of colonies on a particular plate and dilution factor is the
factor by which the original 100 pL sample was diluted before being spread across the agar
plate. Only plate counts between 5 and 150 were used; in instances where more than one

plate in a dilution series met this criterion, the one with the lower dilution factor was used.
3.2.7. Statistical Analysis

Statistical analysis was performed using JMP 11.2 statistical software. Means
comparisons were performed using a one-way ANOVA Tukey-Kramer method with o =
0.05. Average log(CFU/cm?) values are arithmetic averages of all log(CFU/cm?) values for
all samples from a given time/temperature thermal shock combination, with the

corresponding standard deviation.
3.2.8. Safety and Sterilization

All equipment that could be autoclaved was autoclaved at 121 °C and at pressures
above 1 bar before each experiment to ensure a sterile environment. Autoclave indicator

tape was used as a check to make sure that the equipment did reach the appropriate

35

www.manaraa.com



temperature, if the tape’s indicator marks turned black then the equipment should be sterile.
Before autoclaving any equipment, the equipment was thoroughly cleaned and sealed.
Liquids were autoclaved in autoclave safe bottles with the lids loose, to prevent expansion
and potential pressure explosions, and immediately sealed after the cycle was done.
Equipment such as the 4-well plates and the inoculum loops could not be autoclaved. The
inoculum loops came in sterile packaging and were used only once, while the 4-well plates
were bleached and cleaned with ethanol before and after each use. Any waste liquid was
autoclaved in a loose topped bottle before cleaning and dumping the waste. All the
autoclavable equipment was autoclaved after they were used and then cleaned to remove
any leftover contaminants before autoclaving the equipment again for future sterile use.
Non-liquid waste products were disposed of in a biohazard waste receptacle and all glass
waste was disposed of in a biohazard glass bin. To ensure a more sterile environment for
the experiments they were performed in a biosafety cabinet which was wiped down with
ethanol before and after every experiment. In addition, the biosafety cabinet’s ultra violet

light was turned on for 5 minutes at the end of each day to kill off any remaining bacteria.
3.3. Results
3.3.1. Growth Study

Incubated at 37 °C, the lag phase for P. aeruginosa was less than two hours,
followed by an exponential growth phase plateauing approximately 24 hours after
inoculation. Bacterial concentration from 24 to 36 hours post-inoculation was constant at

1.6 ( 0.2) x 10° CFU/mL (n = 7).
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3.3.2. Drip Flow Reactor Biofilms

Biofilms cultured in drip flow reactors were thicker (50-150 um) and more
carpetlike, as shown in Figure 3.2, than biofilms grown in shaker plates.'?* Moreover, their
bacterial concentrations were much higher, permitting quantification of the large CFU
reductions observed after thermal shock of the shaker plate biofilms. Ninety-six control
biofilms were thermally ‘shocked” at 37 °C (i.e. no actual temperature change) for exposure
times of 1, 2, 5, 10, 15, 20, or 30 minutes. Their average log(CFU/cm?) following this
treatment was 8.56 (0.66 SD), 2.3 orders of magnitude larger than the previously grown

shaker-plate biofilms,*?* again with no apparent dependence on exposure time (Figure 3.3).

(A) (B)

Figure 3.2: Confocal Images of a Shaker Plate Biofilm and a Drip Flow Reactor Biofilm.
CLSM images show the differences in the two biofilm controls with green indicating the
live bacteria and red indicating the dead bacteria. The shaker plate biofilms (A) were
smaller with thicknesses from 25 to 45 um while the DFR biofilms (B) had thicknesses of
50 to 150 um and carpeted the surface.
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Figure 3.3: Effect of Exposure Time on the Control Trials (37 °C). The “thermal shocks”
were done at 37 °C for 1, 2, 5, 10, 15, 20, and 30 minutes. The data was analyzed via a
one-way ANOVA Tukey-Kramer statistical analysis (a=0.05) and the means were found to
be not statistically different from one another resulting in an overall average of 8.56
log(CFU/cm?). The blue bars represent the standard deviation and the minimum

quantification threshold is 1.12.

Table 3.1 lists the average log(CFU/cm?) at each temperature/exposure time

combination, with a minimum of 9 biofilms per combination and an average n = 13.6

biofilms. CFU reductions of up to six orders of magnitude are observed, with CFU/cm?

concentrations still well above the quantification limit, as indicated in Figure 3.4.
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Table 3.1: Heat Shock Results from Biofilms Grown in a DFR. The average
log(CFU/cm?) is reported in this table with the standard deviation (n>9) represented via

the +.
Average log(CFU/cm?) + Standard Deviation

Thermal Exposure Time (min)

Shock

Temp.

°O) 1 2 5 10 15 20 30

37 8.68 8.37 8.15 8.79 8.46 8.34 9.08
+038 +0.68 +0.51 +0.58 +0.78 +0.48 +0.70

50 8.21 8.07 7.65 7.41 7.66 6.92 6.88
+0.29 +0.50 +0.62 +0.27 +0.55 +0.61 +0.64

60 7.38 7.47 5.59 5.32 5.03 4.14 4.69
+059 +£0.79 +0.78 +1.38 +0.87 +0.50 +0.76

70 6.13 4.92 451 3.99 3.63 4.38 3.69
+065 +0.65 +0.93 +0.59 +0.55 +0.77 +0.72

80 4.66 4.36 3.64 3.23 4.21 3.21 2.58
+0.69 +1.09 +0.76 +0.22 +0.60 +0.62 +0.61
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Figure 3.4: Average log(CFU/cm?) For Each Temperature and Exposure Time. The
minimum quantification threshold indicated by the dashed line is 1.12 and the error bars
represent the standard deviation (n>9) of the log(CFU/cm?) mean.

3.4. Discussion

A wide variety of approaches to biofilm mitigation have been investigated, with
most reporting CFU decreases of 1-2 orders of magnitude and it is unclear how these would
be implemented in situ. Thermal biofilm mitigation, however, demonstrated CFU
reductions of up to six orders of magnitude, necessitating the use of biofilms with much
higher initial bacterial loads in order to fully quantify the reduction. The quantification

limit was set to keep a single CFU from altering the calculated bacteria concentration by
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more than 20%. Hence the plate count in Equation 3.1 must be at least five. Homogenizing
an entire 18.75 cm? biofilm into 5 mL of media and plating 100 pL of the suspension on
an agar plate, at least 13.3 CFU/cm? (log(CFU/cm?) = 1.12) must be present to produce
five colonies on average. With this quantification limit, the previously grown shaker plate
films could demonstrate at best (6.24 — 1.12 =) 5.12 orders of magnitude reduction in
bacterial load.*?! In practice, the observable range is smaller as any variability would
otherwise push some results below the quantification limit. To fully quantify the reduction
in log(CFU/cm?), drip flow reactor biofilms (with initial log(CFU/cm?) of 8.56) were

required, though this load may be much higher than in a typical clinical infection.

Regarding in situ implementation, there are a variety of means for delivering heat
at the precise location of the biofilm infection. One approach is to coat the implant with a
magnetically susceptible composite. Any biofilm colonizing the implant would be in direct
contact with the coating, which could apply the necessary temperature wirelessly on
demand from an external alternating magnetic field. A magnetic nanoparticle and polymer
composite coatings capable of achieving 80 °C in 15 s under static tissue have recently
been reported.*?? As with pasteurization of planktonic bacteria, a continuum of temperature
and exposure time combinations can be used to achieve a target CFU reduction. To
interpolate the combination that will achieve the CFU reduction while minimizing damage
to adjacent tissue, clear understanding of each parameter’s role is needed. This research

aims to assist in that understanding.

Table 3.1 indicates that increasing either exposure time or temperature decreased
log(CFU/cm?), however, increasing temperature had a much larger impact than increasing

time over the range investigated. The effect of exposure time on the resulting
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log(CFU/cm?) was not statistically different or significant using a one-way ANOVA
Tukey-Kramer method, see Figure 3.5A. However, with the same statistical test

temperature versus log(CFU/cm?) did show a statistical difference, see Figure 3.5B.
3.4.1. Correlation to Temperature Increase

Correlating the results with an analytical expression yields a similar conclusion.
Linear regressions of log(CFU/cm?) versus temperature increase at each exposure time
yield tight correlations with R? values above 0.92 for all but two exposure times. Moreover,
the deviations from linearity do not follow a clear trend suggesting any mathematical
modification to the linear relationship, as shown in Figure 3.6. The intercepts of these
regressions, however, should equal the log(CFU/cm?) of the control experiments, where
the temperature increase is zero. Pinning the intercepts of these regressions to the overall
average control log(CFU/cm?) of 8.553, the regressions maintain an average R? value of

0.85 as shown in Figure 3.7.
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Figure 3.5: Analysis on (A) Exposure Time and (B) Temperature. The log(CFU/cm?) was
affected by both the exposure time and the temperature, however, using a one-way ANOVA
Tukey-Kramer analysis (a=0.05) the temperature had a greater effect overall.
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Figure 3.6: Average log(CFU/cm?) versus Temperature. Each exposure time had a
unique dependence on the temperature. Error bars indicate the standard deviations.
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Figure 3.7: Correlation of log(CFU/cm?) with Temperature Increase. Each average
log(CFU/cm?) showed good correlation to the temperature increase even with the intercept
pinned at 8.56 log(CFU/cm?), the average of the control trials. Error bars represent the

standard deviation.
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3.4.2. Correlation to Exposure Time

The relationship between log(CFU/cm?) and exposure time does not appear to be
best represented by a linear expression, however. Figure 3.8 compares linear correlations
(left-hand-side) with logarithmic correlations (right-hand-side) indicating that
log(CFU/cm?) more closely correlate with log(exposure time) than with exposure time
directly. One datum (80 °C, 15 min) is over a standard deviation away from both the linear
and logarithmic trendlines, and therefore excluded from the analysis to provide a clear

comparison. When included, the logarithmic correlation is still closer than the linear one.
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Figure 3.8: Correlation of log(CFU/cm?) with the Exposure Time. The remaining
bacterial density count corresponds more to the log(exposure time), seen on the right, than
the linear exposure time, seen on the left. The triangle at 80 °C for 15 minutes was excluded
for clarity with R? values of 0.6572 for the linear regression and 0.6741 for the logarithmic
regression when included.

3.4.3. Combined Correlation to Temperature Increase and Exposure Time
Figure 3.7 correlates log(CFU/cm?) to temperature increase in the form
log(CFU/cm?) = log(CFU /cm?), + slope * (T — 37°C) (Equation 3.2)

where log(CFU/cm?)o is the overall average control value at 37 °C of 8.553 and T is the

thermal shock temperature in °C. The slopes from these regressions at each exposure time
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are compiled in Table 3.2. Plotting these slopes versus log(exposure time), we see a clear

linear relationship (Figure 3.9) with an R? of 0.95.

Table 3.2: Slope of log(CFU/cm?) Versus Temperature Increase. Slopes obtained from
Figure 3.7 when compiled reveals a correlation with exposure time.

Exposure time (min) Slope R?
1 -0.0767 0.9852
2 -0.0912 0.9238
5 -0.1167 0.9574
10 -0.1290 0.9555
15 -0.1215 0.7255
20 -0.1348 0.7843
30 -0.1452 0.9620
-0.06
F -0.07
= 008 ..
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Figure 3.9: Correlation of Cell Death Temperature Dependence to log(Exposure Time).
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Equation 3.3 was made as a function of thermal shock temperature and exposure

time from the slope and intercept from Figure 3.9:
log(CFU/cm?) = log(CFU/cm?), — [0.079 + 0.044 1og(t)](T — 37) (Equation 3.3)

where T is the thermal shock temperature in °C and t is the exposure time. Equation 3.3

may also be expressed:
(CFU/cm?) = (CFU/cm?)y » 1070079(T=37) 4 ¢-0.044(T-37)  (Equation 3.4)

which more clearly shows a modified Arrhenius dependence on temperature. However, not
only is there no discernable lag time in cell death, the relationship to exposure time follows
a Weibull-style relationship, while planktonic bacterial death is traditionally modeled with
a linear relationship between log(CFU/cm?) and time.'?® Moreover, the thermal shock
temperature affects even this relationship, with higher temperatures prompting a stronger
time dependence not just as a coefficient but also as an exponent. Figure 3.8 demonstrates

that log(CFU/cm?) is much more linearly related to log(t) than to t.

Comparing each experimental result from Table 3.1 with the corresponding
calculation from Equation 3.3, we see that Equation 3.3 predicts the experimental
log(CFU/cm?) with an accuracy exceeding the precision of the experimental
measurements. In all but nine instances, the calculation from Equation 3.3, seen in Table
3.3, is within one standard deviation of the experimental mean. The difference between the

calculated and experimental log(CFU/cm?) values are shown in Table 3.4.
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Table 3.3: Log(CFU/cm?) Calculated by Equation 3.3.

Thermal Exposure Time (min)

Shock

Temp.

(°C) 1 2 5 10 15 20 30
37 8.55 8.55 8.55 8.55 8.55 8.55 8.55
50 7.52 7.35 7.13 6.95 6.85 6.78 6.68
60 6.73 6.43 6.03 5.72 5.55 5.42 5.24
70 5.94 5.50 4.93 4.49 4.24 4.06 3.81
80 5.14 4.58 3.83 3.26 2.93 2.70 2.37

Subtracting these values from the experimental results in Table 3.1:

Table 3.4: Deviation Between Experimental and Calculated Log(CFU/cm?). Highlighted
cells indicate conditions where the deviation between experimental and calculated
log(CFU/cm?) exceeds one standard deviation of the experimental result.

Thermal Exposure Time (min)

Shock

Temp.

(°C) 1 2 5 10 15 20 30

37 0.13 -0.19 -0.40 0.24 -0.09 -0.21 0.52

50 0.68 0.72 0.52 0.46 0.80 0.14 0.20

60 0.65 1.04 -0.43 -0.41 -0.52 -1.28 -0.56

70 0.19 -0.58 -0.42 -0.51 -0.61 0.32 -0.12

80 -0.49 -0.22 -0.19 -0.04 1.28 0.51 0.21
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The average of the absolute value of the deviation is 0.45, indicating that on average,
Equation 3.3 correctly calculates the post-thermal-shock bacterial load to within a factor
of 3 (i.e., less than half an order of magnitude), across the entire relevant parameter space.
To place this in context, average of the experimental standard deviations is 0.65. In all but
9 of the 35 entries, Equation 3.3 calculates the resulting log(CFU/cm?) within one standard
deviation of the experimental average. There is no apparent pattern to either the
experimental standard deviations in Table 3.1 or the deviation between experimental and
calculated averages in Table 3.4, though the incidences of the latter exceeding the former
do appear more often at lower temperatures, as indicated by the highlighted cells in Table

3.4.
3.4.4. Implications

For thermal mitigation of medical implant infections, the thermal shock can be
applied directly by the substrate on which the biofilm is growing. While the maximum
temperature will be experienced by the biofilm itself, heat will likely conduct into the
surrounding tissue and damage it. This damage should be viewed in the context, however,
of the current treatment, which is explantation surgery and removal of the surrounding
tissue, followed by reimplantation surgery with a higher degree of infection. Besides all
the other disadvantages to this treatment (extended hospitalization, time without a needed
medical device, loss of alignment markers for joint implants, etc.) the tissue damage from
the current treatment is significant. Importantly, the presence of a coating which can supply
a thermal shock does not commit the patient to using thermal mitigation if an infection is
diagnosed,; it would only be applied if it were deemed better than the alternatives. There is

the potential for damage to the surrounding tissue from the heated device, however, the
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overall damage in comparison to the explantation method is minor. Additionally, the
temperature drops off quickly as it travels away from the device surface minimizing its

total potential damage.**

To determine an appropriate exposure protocol and make that decision, the effects
of both temperature and exposure time must be understood. Standard conduction of heat
into the surrounding tissue depends linearly on the applied temperature, and decreases with
the square root of time as the penetration distance increases. As the cell death relationship
expressed in Equation 3.3 has a larger dependence on temperature and a smaller
dependence on time, these results indicate that to minimize damage to the surrounding
tissue while achieving a set degree of bacterial death, higher temperatures at lower
exposure times may be preferred. Investigations on whether antibiotics decrease the
thermal shock required to achieve a set degree of bacterial death can be viewed in Chapter

7.

There are also many instances beyond the field of medicine where biofilm
mitigation is necessary but conventional ex situ treatments such as autoclaving are not
viable. Plastics with glass transition temperatures below 120 °C cannot be autoclaved, and
may have surfaces inaccessible to UV light or antimicrobial chemicals. The current work
provides a framework for thermally mitigating these biofilms at more accessible

temperatures.
3.5. Conclusions

Infection of newly implanted medical devices by bacterial biofilms is a severe
problem with no immediate solution. The increased chemical resistance of bacteria in

biofilms, along with the continued evolutionary resistance of bacteria in general, make
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chemical approaches problematic. Similarly, the diverse chemical environment of the body
has confounded material-based approaches to non-fouling surfaces. Thermal shock of
bacterial biofilms, however, can reduce their populations by six orders of magnitude at
temperatures not exceeding 80 °C. The decrease in cell viability in P. aeruginosa bacterial
biofilms has been experimentally determined for temperatures ranging from 50 to 80 °C
and exposure times ranging from 1 to 30 min. These results have been correlated with an
analytical expression which on average calculates the resulting bacterial loading to within
a factor of three across the entire parameter space. The results indicate temperature has a
larger effect than exposure time on biofilm cell death. With the development of implant
coatings which can provide on-demand heating directly at the infection site, thermal

mitigation should be a viable treatment strategy for medical implant infections.
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CHAPTER 4: MICROSCOPY OF THE DRIP FLOW REACTOR

BIOFILMS

4.1. Introduction

Once a biofilm grown in a drip flow reactor has been treated the biofilm is normally
analyzed via sonication to disperse the bacteria into a homogenous mixture, serially diluted
and each dilution plated. This, however, takes a lot of time (an hour per variable
investigated), resources (2 agar dishes, 16 pipet tips, 8 dilution tubes, and 15 mL TSB per
variable investigated), and the results cannot be read until the following day once the
bacteria have grown enough to have visual colony forming units to count. An alternative
analysis is the use of dyes in a confocal laser scanning microscopy (CLSM) and an
objective thresholding system which allows for rapid analysis and minimal resources.
CLSM is an optical microscopy technique that fluoresces the desired dye with a laser and
then collects the information through a pinhole. The pinhole decreases the range of depth
to a given layer eliminating the layers above and below the layer of focus.*?*1%> Multiple
dyes that are excited and fluoresce at different wave lengths can be used simultaneously to
identify different aspects of the biofilm, such as a dye used to visualize the dead cells and
a dye to visualize the live cells.*?#126 Using this technique biofilms can be scanned layer
by layer to form a more detailed schematic and visual of the biofilm’s live cells and dead
cells.*?"132 Once the images are captured they can be analyzed via thresholding and the

pixels counted,126.133.134

Ideally the pixels could be counted directly without any thresholding. If each

bacterium were to be the size of one pixel and each bacterium obtained the same amount
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of dye and therefore fluoresced with the same intensity, then pixel counts would be quite
straightforward and easy. However, in reality the bacteria vary in size and may be located
halfway or partially in different pixels. Additionally, the dyes do not always fluoresce
evenly nor dye the bacteria consistently. There is also the problem of stray light coming
from above or below the plane of interest which is dimmer, but still present. These
complications create a range of pixel brightness from no light to very bright light and
determining which should be counted as a bacterium can be difficult. Due to these
challenges the bacteria in the biofilm become much more difficult to count from
microscopy images and applying a rubric to determine which pixels to count becomes

necessary, this is called thresholding.

Thresholding is a very important image technique to create images that are readily
analyzed. Thresholding is a means of segmenting a gray scale image into a binary image
with all the pixels brighter than a set constant becoming white and all the darker pixels than
the threshold becoming black. This segmentation allows for a pixel counter to quantify the
number of black or white pixels of each dye allowing for a percentage of live to dead
bacteria to be counted.'?%!3 The highest quality thresholds occur when the histogram of
pixel brightness intensity yields two distinct peaks with a wide valley since this provides a
clear separation point, seen in Figure 4.1. However, this is not as common as one would
desire. Many images have more overlap or no distinction between the peaks (Figure 4.2)
making thresholding a challenging feat. Since this is more common many people have

explored thresholding through extensive mathematical image analysis.
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Mean: 263.852 Max: 733

StdDev: 298.058 Mode: 3 (5714658)

Bins: 256 Bin Width: 2.863

Figure 4.1: Silhouette Image and the Gray Scale Histogram of the Image. The silhouette
of a statue against a bright sky provides an ideal histogram with a distinct peak for the
lighter and darker pixels with a large value in between the peaks. Due to the ease of
separation between the pixel groups this image is simple to threshold.
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P o a - Count 7077888 Min: 2
e ~ Mean: 405344 Max: 753
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Figure 4.2: More Complex Image and the Gray Scale Histogram of the Image. The
picture of the lizard on the rock taken in Southern Colorado has little distinctions in the

light and dark pixels creating a histogram with no clear separation point, making the
threshold value very difficult to determine.

There are many different approaches to objective thresholding that have been

explored; however, most of them take long computing time which may be infeasible for
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when each biofilm must be characterized by multiple stacks of high-resolution images. One
method that is commonly used is the Otsu method, a probability calculation to determine
maximum separation of the two histogram peaks. However, this method does not always
work well when the histogram is too continuous and then has a small peak at an extreme,
such as seen in Figure 4.3. It can be observed that the snow on the front of the main
mountain top is not sorted as a white pixel, but rather a black pixel, demonstrating the

limits of the Otsu method. However, in cases with more separation, such as Figure 4.4, the

Otsu method sorts the pixels quite well.

Figure 4.3: Thresholding of a Complex
Image. This mountain lake picture taken in
the Indian Peaks National Forest (top left)
has a large, broad histogram (bottom left)
creating for a difficult threshold number to

be determined. The image produced from

B 00 | i
53 =5 the Otsu method (top right) demonstrates

Count 7077588 Min: 22 the poor thresholding by the loss of snow in
Mean: 407.731 Max: 765 the mountain.
StdDev: 116.678 Mode: 435 (78617)
Bins: 256 Bin Width: 2.902
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1] 2565
Count: 691200 Min: 0
Mean: 135.307 Max: 265
StdDev: 70.721 Mode: 236 (8027)

Figure 4.4: Thresholding of a Less
Complex Image. The image taken from
my grandparent’s wedding (top left)
provides a good example of an image that
contains plenty of contrast between the
lighter and darker pixels to provide two
main peaks seen in the histogram (bottom
left). This more bimodal histogram made
for easier thresholding analysis to
produce a cleaner image using the Otsu
method (top right).

With the limits of the Otsu method many researchers have been exploring other

means of objectively thresholding their images.*26133135 One method that is faster and more

efficient than the Otsu method is to iteratively find the midpoint between the average bright

and dark intensities.'?® After guessing an initial threshold intensity to categorize each pixel

into either the bright or dark group, the average intensity of each group is calculated and
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the midpoint between these group average intensities becomes the new threshold intensity

for repeating the calculation, until the threshold intensity converges on a final value.

This chapter investigates the efficacy of the Otsu method and the iterative method
by comparing the results to the plated values obtained from parallel biofilm cultures and
thermal shocks. Additionally, a key advantage to microscopy is the data-rich information
it yields from live-dead quantification to morphology and architecture. Microscopy shows
the size and shape as well as the population distribution across the biofilm. The biofilms in
this chapter prove to be mature biofilms with unique architectural and morphological

elements.
4.2. Materials and Methods
4.2.1. Biofilm Growth

An agar plate was streaked with Pseudomonas aeruginosa PAO1 bacteria and
grown at 37 °C for 24 hours in an incubator. An inoculum was made by taking two colonies
from the plate and placing them into a tube containing 5 mL of growth medium, tryptic soy
broth, and allowed to grow for 24 hours at 37 °C. A drip flow reactor with 4 wells
(Biosurface Technologies, Bozeman, MT, USA) was used for the biofilm growth and each
well contained a microscope slide inoculated with 1 mL of the inoculum. The bacteria were
allowed to grow and start to form a biofilm in batch mode at 37 °C for 4 hours. Once the
batch mode was complete tryptic soy broth was pumped into the drip flow reactor over one

day at a rate of 5 L/day using a rotary pump.
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4.2.2. Heat Shocking the Biofilms

To obtain the time and temperature profile, the biofilms underwent heat shocks in
10 mL wells of water placed in a water bath. This set up ensured uniform heating of the
biofilms. A temperature range of 37 °C to 80 °C and a time range of 1 minute to 30 minutes
were explored. The time trials were broken down into runs of 1, 2, 5, 10, 15, 20, and 30
minutes and the temperatures broken down into runs of 45 °C, 50 °C, 60 °C, 70 °C, and 80
°C. A control was run at 37 °C, body temperature. A 4-well plate with 5 mL of water in
each well was held at the heat shock temperature in the water bath and was removed
momentarily to install the biofilm slides and temperature probes. Two thermocouples were
placed in each well and closely monitored to ensure uniform heating of each well. Once
the desired time had been reached the biofilms were then swiftly transferred to another 4
well plate containing 5 mL of room temperature water to abruptly end the heating. For

more information on this technique see Chapter 3.
4.2.3. Enumeration

For direct enumeration, the 4 well plate containing the biofilms was sonicated for
10 minutes to ensure that the biofilm was effectively redistributed into suspension for
uniform dilutions. Up to 8 dilutions in 5 mL tubes containing tryptic soy broth were plated
onto agar gel plates and incubated for 24 hours at 37 °C. The colony forming units (CFU)
on each plate were counted and recorded at each dilution to determine the order of
magnitude of the population reduction, or the log reductions. Dilutions of the biofilms
determined how many CFU were present and determined that the biofilms were grown

uniformly from one experiment to the next. For more information on this see Chapter 3.
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4.2.4. Microscopy Methods

The biofilms were imaged using a confocal laser scanning microscope to be used
for same day analysis. Using a LIVE/DEAD BacL.ight Bacterial Viability Kit (Invitrogen,
Eugene, OR, USA) containing SYTO 9 and propidium iodide fluorescent dyes with the
Bio-Rad Radiance 2100 confocal microscope (Bio-Rad laboratories, Hercules, CA, USA)
allowed a fluorescent distinction between cells that were dead and cells that were still
viable. The SYTO 9 enters all the bacterial cells and binds to the DNA, while propidium
iodide enters cells with disrupted membranes and quenches the SYTO 9 and binds to the
DNA of those cells. Bacterial cells that fluoresced red from the propidium iodide dye were
dead and cells that fluoresced green, from the SYTO 9, were live cells. Four-well dishes
with 5 mL of water per well with 5 uL of each dye per well were prepared during the heat
shock (see Chapter 3 for heat shock specifications) and kept out of direct light. After the
heat shock the biofilms were transferred to the prepared wells and quickly covered to
minimize the light exposure. The samples were imaged on a top-down Bio-Rad Radiance
2100 confocal microscope 15 minutes after the biofilms were exposed to the dyes. The
biofilms were imaged using a 40x water-immersion lens with Kr/Ar lasers emitting at 488
and 568 nm to excite the SYTO 9 and propidium iodide dyes, respectively. Images were
collected starting from the substrate and then moving up to the top of the biofilm in one
micron increments, scanning each slice with one laser at a time to minimize the effect of
excitation/emission overlap with a pinhole (iris) setting of 2.0 um for each laser. A total of
3 scans for each horizontal slice section were averaged using the Kalman filtering to
improve the image quality. The images were recorded in a 1024 x 1024 pixel array with

256 intensity levels. The pictures obtained from the microscope were then objectively
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thresholded using the Otsu method in ImageJ and using an iterative method created in
MATLAB to calculate a percent of viable cells. Confocal microscopy techniques not only
allowed for a means of quantifying the percent of the bacteria alive, but also allowed for a
visual understanding of the biofilm through planar cross sections of the biofilm from the
substrate surface to the top of the biofilm. The compiled z-series were used to determine if

the biofilms grown were mature biofilms based off of their growth shapes.
4.2.5. Otsu Method Formulation

The Otsu method was established by Nobuyuki Otsu in 1979 using a probability
calculation paired with the variance calculation. Pixels are divided into two classes, a bright
class (C,) and a dark class (C,), which are above and below the postulated threshold
intensity T, respectively. This method works by separating dark and light pixels where the
pixels that are considered the background (darker pixels), C,, and pixels that are considered
the foreground (lighter pixels), C;, (or vice versa) are separated into [1, ... ... T]and [T +
1,.... L — 1], respectively, where T is the threshold. The average pixel intensity within

each class (upand ) is calculated and then an overall mean is calculated by
p = Po(Dpo(T) + PL(T)uy (T) (Equation 4.1)

where P, (T) and u,(T) are the fraction of total pixels and gray mean respectively of C,
and P, (T) and u, (T) are the fraction of total pixels and gray mean respectively of C;. The
intensity variance within each class (o and o7) is then calculated and multiplied by the
fraction of total pixels that are in that class and the sum of those two products gets the

weighted intra-class variance, 62,

02 (T) = Py(T)cl(T) + P,(T)a?(T) (Equation 4.2)
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where P, (T) is the fraction of pixels in C,, P,(T) is the fraction of pixels in C;, and 6 (T)
and a2 (T) are the variance of C, and C, respectively. The calculations are repeated with
different values of T until a minimum value for o2 (T) is reached, the value of T at that

minimum is the threshold intensity.

Alternatively, one could calculate the inter-class variance, a7,

0f (T) = Po(T) (o (T) — w)* + Py (T) (s (T) — p)? (Equation 4.3)

where u is the overall average pixel intensity calculated in Equation 4.1. Repeating the
calculations with different threshold values, T, until the inter-class variance is maximized
will yield the same final threshold intensity. All of these calculations were performed on

the open access ImageJ Otsu analysis.
4.2.6. lterative Selection Method Formulation

In the Otsu method the histograms are not cleanly described by an analytical
equation making the search protocol for finding the minimum and maximum difficult
requiring a repeat of all the calculations of the threshold parameter space. The iterative
method, by contrast, has a built-in search protocol to quickly converge on the threshold
number and does not require variance calculations making the calculations faster and has
been shown to most closely mimic human expert thresholding.'?® For this method, an
iterative approach is used to determine the threshold number by the midpoint between the
average intensities of the pixels above the threshold and below the threshold value. Using
T as the threshold the average foreground intensity (u,), or pixels that fall in the gray scale
above the threshold, is calculated along with the average background intensity (u,), the

darker pixels that fall below the threshold. The average of these two class averages
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becomes the new threshold value, T', where

T' = % (Equation 4.4)

and the calculations are repeated until the threshold value converges to the final threshold
intensity. This method is much more computationally simple allowing for faster
computation time. The MATLAB code for the thresholding sequence can be found in the

appendix.
4.2.7. Safety Precautions

The same safety precautions were taken, as was stated in Chapter 3, for the bacteria
and sterilization techniques. Additionally, the use of the propidium iodide and SYTO 9
dyes use DMSO, a potentially hazardous chemical that permeates nitrile gloves as well as
skin. Great care was taken during the dyeing process of the biofilms, and in the case of any
drops getting on a glove the gloves were swiftly removed and hands washed before donning
a new set of gloves. During the microscopy procedure, the eye protecting sash was used to

avoid eye damage from the lasers and eyes were kept on a different plane from the lasers.
4.3. Results and Discussion
4.3.1. Image Analysis Method Comparison to the Enumeration Analysis

As discussed in Chapter 3, the amount of viable bacteria post heat shock, colony
forming units (CFU) per square centimeter, showed a clear decrease with the increase of
the heat shock temperature. A similar trend was seen with an increase in the exposure time;
overall, the longer the biofilms were exposed to the heat the more bacterial death was
observed in the biofilms. Since the data used to determine this relationship were collected
via enumeration which is a very time consuming process and does not allow for analysis
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until the bacteria have grown into visible colony forming units (CFUs) the next day,
microscopy was explored to get results that same day. The biofilms were dyed using SYTO
9 which permeates all of the bacterial cells and binds to the DNA fluorescing green, along
with propidium iodide which only permeates the cells with poor membrane integrity and
outcompetes the SYTO 9 for binding with the DNA, fluorescing red. The dyed biofilms
were then imaged using a confocal laser scanning microscope (CLSM) which captured the
live and dead cell images for each horizontal plane with one micron separations between
each plane. Analysis of the images was performed with the Otsu method in ImageJ and the
iterative method in MATLAB, see the appendix for the code. As seen in Figure 4.5 the
control temperature, 37 °C, has relatively similar results between the two image analysis
techniques with a plausible percent viable cells based on visual observations. However, as
the temperature increases, the reliability of both image analysis techniques decreases
greatly as most evident in Figure 4.6. This is especially pronounced since the enumeration
is decreasing on a logarithmic scale while the microscopy image analyses are changing on
a linear scale and do not always have a decrease when expected. Overall, the Otsu follows
the enumeration trend more closely than the iterative method; however, with the scale

differences this improvement is negligible.
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Figure 4.5: Comparison of the Enumeration and Image Thresholding Methods at
Temperatures Ranging from 37 °C to 60 °C. The enumeration method scaled
logarithmically and via absolute population counts, left axis, while both microscopy image
analysis technigues, the Otsu method and the iterative method, scaled linearly, via the
percentage relative to the total, right axis.
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Figure 4.6: Comparison of the Enumeration and Image Thresholding Methods at
Temperatures of 70 °C and 80 °C. The higher temperatures indicated a clear discrepancy
between the enumeration method and the two microscopy analysis methods. The Otsu
method did follow the decreasing trend of the enumeration method better than the iterative
method; however, this trend is negligible when put into context that the enumeration
analysis scales logarithmically, left axis, while the microscopy analyses scale linearly,

right axis.
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4.3.2. Biofilm Morphology and Image Observations

The stacks of confocal images were always taken from the center of the microscope
slides and each end of the microscope slides. Even with the consistent location technique
there is still more error observed using the microscopy analyses compared to direct
enumeration. This is most likely due to the fact that despite all consistencies the bacterial
biofilms do not grow equally throughout the whole microscope slide’s surface and the dyes
are not fully quenching, introducing greater error into the analysis. This discrepancy could
also be due to the microscopy images analysis techniques scaling linearly which would be
more accurate for a one or two order of magnitude decrease, but for larger decreases a
logarithmic scale would be more appropriate as used in enumeration. However, microscopy
is quite good at showing morphological differences and visualizing the amount of cell
death. Some pictures of the controls can be seen in Figures 4.7 through 4.10 which
demonstrate the different amount of dead cells in a control and the morphology differences.
Figure 4.8 shows how different locations in a biofilm can have variability in the
morphology and size of the biofilm. Figure 4.8A clearly shows a thinner section of a
biofilm with a few sections of bacteria growing further away from the surface when
compared to Figure 4.8B which is a biofilm section that has more depth and one large
formation rather than small sporadic formations. This observed difference could be from
morphology differences at each location site or from where, in the drip flow reactor, that

section of biofilm was grown.
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Figure 4.7: Confocal Microscopy Image of a Control Biofilm at 37 °C. Green represents
alive bacteria and red represents the dead bacteria. (A) The brightest horizontal plane
from the biofilm image slices. (B) The total horizontal plane slices compiled on one another

into one picture.

A

Figure 4.8: Confocal Microscopy Images of a Control Biofilm at 37 °C Taken from
Different Locations. Green represents alive bacteria and red represents the dead bacteria.
(A) The biofilm shows more sporadic formations with less depth in the biofilm. While in
another location in the biofilm (B) there is more shape and height in the overall biofilm
and the bacterial growth is more consistent throughout the biofilm. Scale bars are reported

in microns.
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Figure 4.9: Confocal Microscopy Images of a Control Biofilm at 37 °C with Ridges and
Mushroom Shapes. Green represents alive bacteria and red represents the dead bacteria.
(A) The brightest horizontal plane from the biofilm slices. (B) The total horizontal plane
slices compiled on one another into one picture. (C) The three-dimensional view of the
biofilm better demonstrates the structures that coordinate with the locations where more
dead bacteria are found with the axes measured in microns. This shows that where there
are larger formations of the biofilms there are a larger amount of dead cells due to a
decrease of nutrient diffusion.

The morphology can decrease the diffusion of oxygen and nutrients where the
biofilm is thicker, the nutrient gradient throughout the biofilm has an effect on the bacterial
viability and this can be further observed in Figure 4.9. There are more dead cells in these
pictures due to the presence of ridges and the mushroom-shaped formations the biofilms
create. It can be seen that the dead cells congregate in and around the larger structures due

to the decrease in nutrients diffusion in the biofilm. This observation can be further seen in
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Figure 4.10, which is a biofilm composed primarily of a uniformly flat biofilm, called a
carpeted biofilm, with only a couple columns extending away from the microscope surface.
The morphology and amount of live bacteria can change based on where in the drip flow
reactor the section was grown. If the section of the biofilm imaged was closer to the inlet
of the nutrients it will be exposed to fresh nutrients more frequently, while a section of the
biofilm located near the outlet of the drip flow reactor will have less fresh nutrients and

potentially more waste products flow by.

Figure 4.10: Confocal Microscopy Image of a Control Biofilm at 37 °C with Small
Morphological Changes. Green represents alive bacteria and red represents the dead
bacteria. (A) The brightest horizontal plane from the biofilm slices. (B) The total biofilm
horizontal plane slices compiled on one another into one picture. (C) A three-dimensional
representation of the biofilm which demonstrates the morphology of the biofilm, the scales
are reported in microns. This further shows that where there are larger formations of the
biofilms there are a larger amount of dead cells due to a decrease of nutrient diffusion.
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Heat shocks done at 60 °C showed some cell death. Figure 4.11 shows that there is
still quite a large percent of the biofilm’s bacteria alive, but some increased cell death.
Figure 4.11 also demonstrates that there is changing morphology of the biofilms and that
they are not simply carpeted or columnar in shape. Figure 4.11A is a top down summation
of all the horizontal plane slices to show the overall amount of cell death, while Figure
4.11B demonstrates the large and unique formation of this section of biofilm. The compiled
images demonstrate the amount of cell death more clearly while the three-dimensional
image demonstrates the morphology more clearly. Additional differences in overall
morphology was observed for biofilms grown in different conditions, such as the shaker

table-grown biofilms, as discussed in Chapter 5.

Figure 4.11: Confocal Microscopy Images of a Biofilm Heat Shocked at 60 °C for 5
Minutes. Green represents alive bacteria and red represents the dead bacteria. (A) The
total biofilm horizontal plane slices compiled on one another into one picture which shows
some red demonstrating that the 60°C heat shock did have an effect on the biofilm’s
bacterial viability. (B) A three-dimensional rendering of the biofilm demonstrates the
morphology of this section of the biofilm, axes are in microns. This also shows that the
biofilm’s structure is not always columnar in shape and it changes its structure at different
distances from the surface.
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The heat shocks done at 70 °C did show an increase in the amount of dead cells
compared to the 60 °C heat shocks, which had a lot more green, viable cells, present. Figure
4.12 shows a heat shock done at 70 °C for 2 minutes. The amount of red in Figure 4.12
compared to Figure 4.11, a 60 °C heat shock for 5 minutes, is significantly more. This
visually shows the increase in dead cells when the biofilm is exposed to a higher
temperature heat shock. The other trend, a decrease in cell viability with an increased
exposure time, can be seen by comparing Figures 4.12 and 4.13. Figure 4.13 is a biofilm
that was heat shocked at 70 °C for 5 minutes, only 3 minutes longer than Figure 4.12’s

biofilms, but has significant increase in the presence of dead cells.

—— . @ ——
50 Microns < 50 Microns

Figure 4.12: Confocal Microscopy Image of a Biofilm Heat Shocked at 70 °C for 2
Minutes. Green represents alive bacteria and red represents the dead bacteria. (A) The
brightest horizontal plane from the biofilm slices. (B) The total horizontal plane slices from
the biofilm compiled on one another into one picture.
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Figure 4.13: Confocal Microscopy Image of a Biofilm Heat Shocked at 70 °C for 5
Minutes. Green represents alive bacteria and red represents the dead bacteria. (A) The
brightest horizontal plane from the biofilm slices. (B) The total horizontal biofilm plane
slices compiled on one another into one picture.

The heat shocks performed at 80 °C showed the highest amount of dead bacteria in
the biofilms. Figure 4.14 shows a heat shock at 80 °C for 1 minute and demonstrates a clear
increase in the amount of dead cells when compared to all of the previous figures. It also
provided a great picture of the morphology seen in these biofilms. Figure 4.14B is a side
view of the biofilm and it makes it clear that there is growth above the surface of the
microscope slide verifying that these are fully developed, mature biofilms, which is further
demonstrated in Figure 4.14C. There are still some green, viable cells present in these
pictures, but increasing the exposure time by just one minute increases the amount of dead
cells significantly, as seen in Figure 4.15. This further demonstrates that the increase of the

time exposure does increase the effectiveness of the heat shock.
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Figure 4.14: Confocal Microscopy Images of a Biofilm Heat Shocked at 80 °C for 1
Minute. Green represents alive bacteria and red represents the dead bacteria. (A) The
total biofilm horizontal plane slices compiled on one another into one picture. (B) The side
view of the series of pictures. This shows an increase in dead cells compared to the controls
and (C) demonstrates that the biofilms are mature since they are forming mushroom

shaped morphology.
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Figure 4.15: Confocal Microscopy Images of a Biofilm Heat Shocked at 80 °C for 2
Minutes. Green represents alive bacteria and red represents the dead bacteria. (A) The
brightest horizontal plane from the biofilm slices. (B) The total horizontal plane slices from
the biofilm compiled on one another into one picture.

The increase of dead cells as the exposure time to the heat shock increases can be
observed from Figures 4.16 and 4.17. Figure 4.16 shows a decrease of viable cells when
compared to Figure 4.15. Figure 4.17 shows a further decrease of viable cells when
compared to all of the other heat shock times and temperatures since it is the extreme

temperature and time, 80 °C for 30 minutes.
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Figure 4.16: Confocal Microscopy Image of a Biofilm Heat Shocked at 80 °C for 20
Minutes. Green represents alive bacteria and red represents the dead bacteria. (A) The
brightest horizontal plane from the biofilm slices. (B) All the horizontal biofilm plane slices
compiled on one another into one picture.

50 Microns

Figure 4.17: Confocal Microscopy Image of a Biofilm Heat Shocked at 80 °C for 30
Minutes, the most extreme temperature and exposure time. Green represents alive bacteria
and red represents the dead bacteria. (A) The brightest horizontal plane from the biofilm
slices. (B) All the biofilm horizontal plane slices compiled onto one another into one
picture.
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4.4. Conclusion

The heat shock experiments covered temperatures ranging from 37 °C to 80 °C and
exposure times ranging from 1 minute to 30 minutes. Since microscopy methods allow for
a faster analysis when compared to enumeration two image analysis tools were compared
to the enumeration technique utilized in Chapter 3. The two analysis methods did give
faster results since the data could be analyzed that same day instead of waiting for the
bacteria to grow for a day after plating, as seen in the enumeration technique; however, the
results were not comparable to the enumeration. In fact, neither method was able to show
the logarithmic decreases observed. Since all the experiments explored showed multiple
log reductions, microscopy applications were proven to not be as quantitatively effective

as enumeration.

The extensive images of the biofilms taken using CLSM demonstrated the
variability of the biofilm morphology and gave visual proof of the heat shocks’ efficacy. It
was observed that the bacteria further inside a large morphological structure had a larger
percent of dead bacteria before heat treatment. This is most likely due to the transport
limitations inside those structures creating a nutrient gradient. The heat shocks at the higher
temperatures produced images with more dead cells than seen at the lower temperatures,

visually demonstrating the effects of the temperatures and exposure times.
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CHAPTER 5: EFFECT OF GROWTH CONDITIONS ON THERMAL
SHOCK SUSCEPTIBILITY AND REGROWTH OF PSEUDOMONAS

AERUGINOSA BIOFILMST

5.1. Introduction

Elevated temperature has proven to be a reliable approach for eliminating bacterial
populations, as seen in Chapter 3. Heating protocols for planktonic bacteria have long been
established at a variety of temperatures and exposure times, and more recently, the decrease
in colony forming units (CFU) within a bacterial biofilm has been quantitatively correlated

to the degree and duration of thermal shock, according to Equation 5.1:
(CFU/cm?) = (CFU/cm?)y » 1070079(T=37) 4 ¢-0.044(T-37)  (Equation 5.1)

where T is the temperature in degrees Celsius, t is the exposure time at that temperature in
minutes, and (CFU/cm?), is the original population density of the bacteria in the
biofilm.? If an implanted medical device has been coated with a magnetically susceptible
material, this heat may be delivered wirelessly via an alternating magnetic field to the
precise location where the biofilm is growing.}?? The bacterial cell death described by
Equation 5.1 covered a temperature range from 37 °C to 80 °C with exposure times ranging
from 1 to 30 minutes. In order to quantify the dramatic CFU decrease within this range (up
to six orders of magnitude), the biofilms used in that study were grown in tryptic soy broth

(TSB) for 1 day in a drip flow reactor to obtain initial CFU loads of nearly 10° CFU/cm?,1%

* Adapted from Ricker, E. B., Bader, T. M., Al-Jaafari, H., Hundley, B. S., and Nuxoll, E.
Thermal Shock Susceptibility and Regrowth of Pseudomonas aeruginosa Biofilms.
Submitted to the International Journal of Hyperthermia.
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believed to be far beyond the CFU density typically observed on an infected medical

implant.

The literature to-date offers little guidance on the applicability of these findings to
biofilms grown in vivo, and even less on the magnitude of reduction necessary to eliminate
an infection. Additionally, the environmental conditions present are variable depending on
the patient and the location of the implant which can dramatically change the biofilm
behavior and susceptibility to treatments. The presence of different environmental cues
have been observed to change biofilm formation and its subsequent susceptibility to
treatments. 2678127136 The development and resistance of biofilms to treatments has proven
to be quite dependent on the presence of ions, iron, carbon, nitrogen, and oxygen, among
other nutrient sources.'® %42 In the case of a shortage in a nutrient source most biofilm
forming bacteria have an increased stress response leading to an increased frequency of
biofilm formation and tolerance to treatment.*®"8143-145 Other stresses placed on the biofilm
such as small temperature changes, small pH changes, and the presence of reactive oxygen
species have shown an increase in biofilm resistance to treatments.'4>146 The presence of
shear stress from agitation, such as an orbital shaker, or from rapid fluid flow over the
biofilms while they are forming has demonstrated a change in biofilm morphology.*3%4
These changes in morphology have shown to lead to an increase in tolerance to antibiotics
by up to 65% in methicillin resistant Staphylococcus aureus.**” Maturity of the biofilms
has also shown to increase a biofilm’s tolerance to treatments, such as the case of Listeria
monocytogenes biofilms which increased their tolerance to quaternary ammonium
compound disinfectant by 5 orders of magnitude when grown for just 24 hours longer.14¢

There are many contributors from the growth environment that change the biofilm’s
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behavior which can alter its resistance to treatments making it a unique and interesting

aspect to investigate.

To determine whether the growth conditions impact biofilms’ thermal
susceptibility, thermal shock studies were performed on more mature (4 day) biofilms with
significantly lower initial bacterial loads (~10” CFU/cm?) and discontiguous architecture
using a shaker table protocol with increased shear stress and decreased nutrient and effluent
transport. Moreover, biofilms were investigated using four different growth media: TSB,
Mueller Hinton broth (MHB), a minimum glucose medium (GM), and a medium more
commonly used for mammalian cell culture (MEM-a). To determine the regrowth potential
of thermally shocked biofilms, TSB shaker table biofilms subject to thermal shocks of
various intensity were re-incubated. Their population density over time was compared with
that of freshly inoculated biofilms. Consistent with prior studies, these trials used biofilms
of Pseudomonas aeruginosa, a well-studied, model organism. P. aeruginosa is the third
most common bacterium to cause etiologic infections of orthopedic implants, making up
9.2% of all the medical implant infections,® and its systemic infection mortality (38.7%) is

at the top of the range for nosocomial infections.’
5.2. Materials and Methods
5.2.1. Inoculum

Pseudomonas aeruginosa PAO1 (15692, American Type Culture Collection,
Manassas, VA) stores in glycerol were thawed and streaked onto agar plates (Difco
Nutrient Agar, Sparks, MD, USA) and incubated inverted for 24 hours at 37 °C. Two

colonies were then removed and placed into 5 mL of sterilized (autoclaved at 121 °C and
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allowed to cool prior to use) tryptic soy broth (TSB, BD Bacto, Sparks, MD, USA) and

grown for 24 hours at 37 °C, obtaining an average of 2.12 x 10° + 0.07 x 10° CFU/mL.
5.2.2. Biofilm Growth and Medium Preparation

Glass microscope slides (75 mm x 25 mm x 1 mm), fully frosted on one side, were
placed individually in polystyrene 4-well dishes (Thermo Scientific Nunc, Rochester, NY,
USA) along with 333 pL of the inoculum and 5 mL of media per well (1.32 x 108 + 0.04 x
108 CFU/mL), then the dish was sealed with parafilm. These dishes were placed on an
orbital shaker table (VWR 1000, 15 mm orbit, Thorofare, NJ, USA) set at 160 rpm in an
incubator at 37 °C for 96 hours. Four different media were used: tryptic soy broth (TSB,
BD Bacto, Sparks, MD, USA), Mueller Hinton broth (MHB, Difco, Sparks, MD, USA), a
minimum glucose medium (GM), and a mixture containing 90% by volume minimum
essential media a with no nucleosides (MEM-a, Gibco Life Technologies) mixed with 10%
by volume fetal bovine serum (FBS, Life Technologies) to better simulate the growth

anticipated in a mammal.

Thirty grams of TSB powder were dissolved into a liter of de-ionized water and
heated for 10 minutes in a 700 W microwave. Powder MHB was dissolved at a
concentration of 21 g per liter of de-ionized water and similarly heated for 10 minutes in a
700 W microwave. Both TSB and MHB were then autoclaved at 121 °C to ensure sterility.
The minimum glucose medium (GM) was made by mixing 1.44 mg ferrous sulfate
heptahydrate, 24 mg magnesium sulfate, 2.7 g potassium phosphate dibasic, 2.7042 g
glucose, 4.3 g potassium monophosphate, and 5.232 g 3-(N-morpholino)propanesulfonic
acid into 500 mL of de-ionized water (all chemical components purchased from Fisher

Scientific, Waltham, MA, USA) and filter sterilized in a VWR, nylon, 0.2 pum pore size
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vacuum filter. The 90% MEM-a and 10% FBS (MEM-o/FBS) mixture was made by
combining the two components (both liquids) in a 9:1 ratio by volume, MEM-a to FBS,

and then filter sterilizing.
5.2.3. Thermal Shock Procedure

After the 96 hour growth period the biofilms and their underlying glass substrates
were transferred to a preheated 4-well dish containing 5 mL water per well whose
temperature was maintained by a water bath (Isotemp 3013P, Fischer Scientific, Pittsburg,
PA, USA) at the target temperature. After the target exposure time the substrate and biofilm
were swiftly transferred to the recovery plate, another 4-well dish containing 5 mL water
in each well at room temperature. Biofilms were shocked at 50, 60, or 80 °C (plus controls
at 37 °C), with exposure times of 1, 5, or 30 minutes. Each condition had at least 12

samples, four parallel replicates of three different plates.
5.2.4. Enumeration

Biofilm population density was quantified via resuspension and plating. After the
thermal shock, each 4-well dish of recovered biofilm was wrapped in parafilm and
sonicated for 10 minutes at 45 kHz in a VWR Symphony 9.5 L sonicator (Radnor, PA,
USA). The homogenized suspension was then serially diluted in tenfold increments and
spot plated using 10 pL samples on agar plates (Difco Nutrient Agar, Sparks, MD, USA).
After 5 minutes to let the samples adsorb, the plates were inverted and incubated at 37 °C
for 20-24 hours before counting the colony forming units (CFU). The CFUs were then

converted into a more relevant logarithmic population density, log (%) via Equation 5.2:
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iluti 5mL
CFU (plate Count)*lodllutwn factor, .
log(—) = log > (o) (Equation 5.2)
em? 18.75
"7 slide

where plate count is the number of CFUs in a sample, dilution factor is the number of
tenfold dilutions to make that sample, (5 mL /0.1 mL) is the ratio of total biofilm suspension
to the volume of the plated sampled, and 18.75 cm? is the surface area of the biofilm’s
substrate.'?° Plates with counts from 3 CFU to 30 CFU were the selected dilution set used
for calculations. In the case of two dilution sets landing within this range the lower dilution
was used. The upper limit, 30 CFU, was chosen based on the ability to reliably count the
individual units without overlap issues and the lower limit, 3 CFU, was established to limit
the effect of a single CFU skewing the data dramatically. In the case when the direct sample

count was lower than the 3 CFU the count was used, but was below the quantification limit.
5.2.5. Confocal Imaging

Biofilm architecture was observed via confocal fluorescent microscopy. Both
enumeration and fluorescent microscopy are destructive techniques, so separate biofilms
must be used for each. Bacteria were selectively dyed using a Filmtracer LIVE/DEAD
Biofilm Viability Kit (Molecular Probes, Inc., Eugene, OR, USA). In this membrane
permeability assay SYTO 9 (excitation wavelength 488 nm, emission wavelength 500 nm,
green) enters all cells and fluoresces when bound to nucleic acid, while propidium iodide
(excitation wavelength 568 nm, emission wavelength 635 nm, red) can only access cells
with damaged membranes, displacing SYTO 9 in those cells. With non-overlapping
emission and excitation peaks, these dyes allow clear differentiation between the dead and
live bacteria via confocal microscopy. Thirty microliters each of SYTO 9 and propidium

iodide were added to the recovery well of each biofilm imaged. Biofilms grown in the drip
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flow reactor (DFR) were imaged using an upright Bio-Rad Radiance 2100
multiphoton/confocal microscope (Hemel-Hempstead, United Kingdom) with a 40x dip
lens, while biofilms grown on the shaker table were inspected using a Zeiss LSM 710
confocal microscope (Oberkochen, Germany) with a 63x dip lens. Both microscopes used
confocal settings with an argon laser to excite the propidium iodide and a helium-neon
laser to excite the SYTO 9 dye. Biofilms were scanned by horizontal rastering with 1 pm
vertical increments from bottom to top. Each row was scanned separately by each laser
before advancing to the next row to decrease any overlap in the resulting excitations and
emissions. Images were collected in a 1024 x 1024 pixel array and the resulting images
were post-processed in the Java-based ImageJ processor (freely available from the NIH

website at http://imagej.nih.gov/ij).
5.2.6. Regrowth Trials

An initial growth curve of the biofilms was determined by enumerating biofilms
incubated for 1, 2, 4, 24, or 96 hours, then rinsed for 1 minute in sterile, de-ionized water
and resuspended by sonication. Post-shock regrowth was investigated by reincubating
thermally shocked biofilms in fresh TSB for 2, 4, 12, 24, or 96 hours, then rinsing for 1
minute in sterile, de-ionized water and resuspending for enumeration. The regrowth of
biofilms was investigated after heat shocks at 60 °C for 5 and 30 minutes, and 80 °C for 1,
5, and 30 minutes. At least three replicates were performed for each heat shock and

regrowth time point.
5.2.7. Statistical Analysis

Statistical analysis of the enumeration results was performed in GraphPad Prism 6.

Averages and standard deviations were obtained via arithmetic calculations of log
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(CFU/cm?) values. A two-way ANOVA with a 95% confidence interval set was used to
compare the means. The graphs were produced in GraphPad Prism 6 based on the

calculated arithmetic mean and standard deviation.
5.3. Results
5.3.1. Difference in Biofilm Architecture and Population

Biofilms grown on a shaker table for 96 hours were starkly different from the
biofilms grown in a drip flow reactor (DFR) for 24 hours in both morphology and amount
of colony forming units (CFU), even when using the same growth medium, TSB, for the
same organism, P. aeruginosa. The DFR biofilms had bacteria more densely covering the
microscope slides’ surface area, typically 100 pm thick with plumes up to 200 um (Figure
5.1B). The shaker table biofilms were more dispersed across the microscope slides with
fewer adhered bacteria in between the biofilm plumes ranging only up to 50 pum in
thickness (Figure 5.1A). Figure 5.1 has the two composite confocal image renderings of
each biofilm with the live cells fluorescing green with SYTO 9 dye, while the dead cells
contain red-fluorescing propidium iodide due to poor membrane integrity. Quantitatively,
the CFU population density in the shaker table-grown biofilms was one hundred-fold

smaller (10864953 CFU/cm?) than the DFR-grown biofilms (108%*%32 CFU/cm?).
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Figure 5.1: Architectural Differences Between a Shaker Plate and DFR-Grown Biofilm.
Confocal fluorescent microscopy images of biofilms grown in A) on a shaker table for 72
hours; and B) a drip flow reactor where the media is applied and drained dripwise for 20
hours following four hours of static incubation. Both biofilms use the same strain of P.
aeruginosa and the same tryptic soy broth supply. Green indicating viable bacteria and
red indicating dead bacteria with the axes in microns.

5.3.2. Thermal Susceptibility

The shaker table biofilms also demonstrated significantly different susceptibilities
to the thermal shock than seen in the DFR biofilms, as shown in Figure 5.2. While the CFU
viability count in DFR biofilms decreased by 0.3-1.7 orders of magnitude depending on
exposure time at 50 °C, the shaker table biofilms showed no susceptibility, maintaining the
same CFU/cm? values even after 30 minutes of exposure time. At 60 °C, however, the
shaker table biofilms showed a sharp dependence on exposure time, with no discernable
effect at 1 minute of exposure and increased cell death when exposed for longer time
periods. At five minutes of exposure to the 60 °C heat the viable bacterial population
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dropped by two orders of magnitude and at 30 minutes of exposure time the CFU/cm? count
dropped by four orders of magnitude. These decreases are comparable in magnitude and
more time dependent than those exhibited by DFR-grown biofilms subjected to the same
conditions. Similarly, the 80 °C thermal shock on the shaker table biofilms had 3.2 to 5
orders of magnitude decrease in the viable cell counts, below the quantification limit of the

experiments, in some cases yielding no CFU at all.
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Figure 5.2: Effect of Growth Method on Thermal Susceptibility. Surviving CFU/cm?
following thermal shock are compared for biofilms grown on a shaker table versus grown
in a drip flow reactor (DFR). All trials used the same tryptic soy broth supply, incubation
conditions, and thermal shock protocols, with trials at 37, 50, 60, and 80 °C for 1, 5, or 30
minutes as indicated (n>12).

5.3.3. Growth Media Effects

Investigating the effect of various growth media, the MHB and MEM-o/FBS

produced shaker table biofilms comparable to the shaker table biofilms grown in TSB, as
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determined by two-way ANOVA, with only the glucose media (GM) biofilms differing
significantly (p = 0.05). These biofilms had a lower bacterial load (10%%+%4° CFU/cm?)
than the other control biofilms by over half an order of magnitude, as shown in Figure 5.3.
This figure also indicates the effect of exposure time. For the control biofilms, the thermal
shock temperature was the same as the incubation temperature (37 °C), so the duration of
the thermal shock (1 to 30 minutes) was not anticipated to have an effect. This is confirmed
by the results in Figure 5.3, where biofilms from any given medium show no statistical
difference (p = 0.05) in CFU/cm? regardless of exposure time to the control temperature.
The quantification limit indicated in Figure 5.3 (10*° CFU/cm?) is based on the criterion

that plate counts of undiluted biofilm suspension below 3 CFU are not reliably quantified.
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Figure 5.3: Effect of Growth Media on Biofilm Population Density. Bacterial biofilm
population densities are shown for shaker table-grown biofilms cultured in four different
media types. In these control trials, all “thermal shocks” were performed at the incubation
temperature of 37 °C (i.e., no shock) for the indicated exposure time: 1, 5, or 30 minutes.
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Similar observations were made for each of the different growth media types grown
on a shaker table. For all media types, there was no discernable decrease in bacterial
viability after exposure to a 50 °C thermal shock regardless of exposure time. The viable
cell count from the biofilms exposed to the 60 °C thermal shock for 1 minute also showed
no statistical difference from the controls for all but the biofilms grown in MEM-o/FBS
(p=0.05). All biofilms grown on the shaker table showed decreases at 60 °C for exposure
times above 1 minute regardless of growth media. Biofilms grown in TSB and GM showed
more of a time dependence with the 60 °C thermal shock than others. Figure 5.4
summarizes these results for each growth medium, again demonstrating that exposure to
80 °C for more than 1 minute decreased the CFU/cm? below the quantification limit,

sometimes yielding no countable units in the undiluted plated samples.
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Figure 5.4: Thermal Susceptibility of Shaker Table-Grown BIOfI|mS Based on Growth
Media. At 50 °C, no population decrease is observed regardless of exposure time, while at
60 °C the population drops sharply with time. At 80 °C the decrease is too large to be
quantified at exposure times of 5 minute and 30 minute, unlike the exposure time of 1

minute.
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5.3.4. Post Thermal Shock Regrowth

The biofilm growth curve showed rapid attachment and proliferation within the first
hour of inoculation, followed by a prompt climb to a plateau population density averaging
10864+ 053 CEU/cm? within four hours, as seen in Figure 5.5. By comparison, thermally
shocked biofilms showed no growth during their first four hours of reincubation, and
required about 1 day to reach their pre-thermal shock population density. This plateau

density was unaffected by the thermal shock.
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Figure 5.5: TSB Shaker Plate Biofilm Regrowth Post Thermal Shock. Shaker plate-
grown biofilms in TSB were thermally shocked and then regrown and compared to one
another and the original growth curve. The 60 °C for 5 minutes and 80 °C for 1 minute
regrew to the orginal population size. Thermal shocks of 60 °C for 30 minutes, 80 °C for
5 minutes, and 80 °C for 30 minutes had little to no regrowth.

Beyond a critical thermal shock intensity, however, the biofilms did not recover.
Biofilms shocked at 60 °C for 30 minutes or 80 °C for at least 5 minutes initially showed

up to 10%8 CFU/cm? and 10%8” CFU/cm? of surviving bacteria, respectively, but two hours

later no CFU were observed in almost all cases. Milder thermal shocks of 60 °C for 5 min

90

www.manaraa.com



or 80 °C for 1 min initially resulted in population densities of at least 10*°® CFU/cm?, and

10343 CFU/ecm?, respectively, and these biofilms recovered as described above.
5.4. Discussion

Coatings which can be heated wirelessly via application of an alternating magnetic
field are already under development,*?? raising the possibility of a localized in situ thermal
shock directly from the biofilm’s substrate. This approach, however, requires a clear
understanding of the relationship between the thermal shock intensity and its subsequent
bacterial population reduction, as well as the degree to which the population must be
reduced to be non-viable. Previous studies have demonstrated that these thermal shocks
can decrease the bacterial population of a biofilm by up to six orders of magnitude.*?® Even
with more labor-intensive enumeration protocol with a quantification limit of 10!
CFU/cm?, such decreases require initial population densities well exceeding 107 CFU/cm?.
Drip flow reactors, in which fresh media is slowly dripped onto a slanted substrate and
allowed to drain off, generate biofilms with nearly 10° CFU/cm?, allowing quantification
of population decreases over seven orders of magnitude, as correlated in Equation 5.1. It is
unclear, however, whether biofilms cultured under such mild conditions would accurately
represent in vivo biofilms, and if not, the degree to which their thermal susceptibility would

be different.

To determine the degree to which growth conditions influence thermal
susceptibility, biofilms for this investigation were grown in a variety of chemical
environments under starkly different conditions, with a limited supply of nutrients,
increased oxygen transport resistance, no waste removal, and shear from the orbital shaker

table. By having such a large difference in the growth conditions from the DFR-grown
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biofilms a better understanding of the potential range of the biofilm thermal susceptibility
could be investigated. Moreover, the biofilms were allowed to mature for several days.
Under these conditions, the same bacteria form markedly different biofilms, as
demonstrated in Figure 5.1. Quantitatively, these biofilms contained only 1% as many
bacteria as the previously reported drip flow biofilms. The chemical environmental
composition, however, appeared to have little effect. Even the minimum glucose media

produced largely comparable biofilms under the same control conditions.

The thermal susceptibility of these biofilms was also statistically different from the
susceptibility quantified in Equation 5.1 for DFR biofilms. Most notably, the 50 °C thermal
shock had little to no effect, regardless of exposure time or growth medium. The observed
lack of susceptibility to the thermal shock was also seen for biofilms grown in all but the
MEM-o/FBS medium when exposed to 60 °C for one minute, indicating that most of the
biofilms grown under the shaker table conditions were less susceptible to lower
temperature heating than previously seen in the DFR-grown biofilms. This overall
increased resistance to mild thermal shock may be attributed to the harsher conditions (i.e.
shear stress, finite nutrients, and no waste removal) of the shaker table culture, precluding
the growth of less robust bacteria. At longer exposure times, however, a 60 °C thermal
shock decreased the shaker table-grown biofilms’ bacterial viability, in TSB it decreased
by two orders of magnitude at five minutes (compared to three orders of magnitude for a
DFR-grown biofilm) and four orders of magnitude at 30 minutes (matching a DFR-grown

biofilm).

At higher temperatures the decrease in viable cells for the shaker table-grown

biofilms more closely mimicked the decrease for DFR-grown biofilms, to the extent that
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this could be quantified. TSB shaker table-grown biofilms when exposed to 80 °C for one
minute decreased the viable cell count by three orders of magnitude (compared to four
orders of magnitude for a DFR-grown biofilm), then the viable cell population dropped
below the quantification limit (> 4.7 orders of magnitude decrease) at longer exposures
where the DFR-grown biofilms decreased by 5 and 6 orders of magnitude at 5 and 30

minutes of exposure time, respectively.

Unlike the large differences seen between the shaker table-grown biofilms and the
DFR-grown biofilms, the overall thermal susceptibility trends were found to be the same
irrespective of the growth medium used for the shaker table-grown biofilms. The 50 °C
thermal shock had no effect regardless of the chemical composition of the environment,
and the 80 °C thermal shock nearly eliminated the bacteria in the biofilms in all but the
shortest exposure times. Only at 60 °C was the bacterial reduction quantifiable across the
entire exposure time range and the differences based on growth medium evident. Biofilms
grown in MHB and TSB had higher viable cell counts after 30 minutes at 60 °C, containing
1035 CFU/cm? and 10%° CFU/cm?, respectively, while biofilms grown in GM and MEM-
o/FBS only contained 10 CFU/cm? and 10“°CFU/cm?, respectively, near the
quantification limit. Even with a less strict quantification limit, allowing as few as 3 CFU
in a quantified plate, only biofilms with a CFU density of 10'° CFU/cm? would be
considered quantifiable. Many biofilms were below this threshold, however. For instance,
the biofilms grown in GM were found to have no growth in over half of the experiments
after being exposed to 60 °C for 30 minutes. These data points with a count of zero were

included in calculating the overall averages, bringing the mean below the quantification
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limit. The frequency of observing no bacterial growth for each experimental set can be

viewed in Table 5.1.

Table 5.1: Incidence of Shaker Table Biofilm Bacterial Growth After Heat Shock. The
percent frequency of growth for each experiment post heat shock for the shaker table-

grown biofilms.

Temperature | Exposure Incidence of Bacterial Growth
Time
TSB GM MHB 90% MEM-
a, 10% FBS
37°C 1 min 100% 100% 100% 100%
5 min 100% 100% 100% 100%
30 min 100% 100% 100% 100%
50 °C 1 min 100% 100% 100% 100%
5 min 100% 100% 100% 100%
30 min 100% 100% 100% 100%
60 °C 1 min 100% 100% 100% 100%
5 min 100% 92% 100% 100%
30 min 82% 39% 94% 58%
80 °C 1 min 96% 94% 86% 97%
5 min 42% 61% 75% 47%
30 min 64% 53% 39% 22%

Equation 5.1 indicates an equivalence between thermal shock temperature and

exposure time, with the same degree of population reduction possible across a range of

temperatures, each with a corresponding exposure time. Thermal transport modeling based

on this relationship suggests that shocks at higher temperature for shorter duration will

result in less thermal damage to adjacent tissue than shocks at lower temperature for longer

duration. This study indicates that higher temperature, shorter duration heat shocks are also

much more universal in their predicted population reduction, regardless of biofilm

architecture. The resulting focus on a much narrower parameter space greatly increases the

feasibility of investigations on biofilms cultured in vivo.
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Interestingly, immediate destruction of all bacteria in these biofilms is not
necessary for its elimination. Biofilms whose population reduced to ~10° CFU/cm?, by a
variety of temperature and exposure time combinations, were not able to propagate and
instead died off completely within a few hours. This may indicate that the most thermally
resilient bacteria are not reliable biofilm formers, or that these temperatures interrupt or
destroy necessary pathways for the bacteria to form a biofilm. They are still able, however,
to survive ultrasonic homogenization into suspension and propagate into dense colonies
for enumeration, casting doubt on these implications. Alternatively, the thermal shock may
alter the EPS environment, rendering it lethal for the surviving bacteria, which could be
investigated in the future. The high density of dying cells may create a mass release of
autolysins into the EPS, destroying the walls of the remaining cells. Whether shocked at
60 °C for 30 minutes or 80 °C for 5 minutes or more, these biofilms showed no CFU two
hours after thermal shock, despite showing up to 10° CFU/cm? immediately following
thermal shock, indicating a threshold population density which a successful treatment must

reach beneath.

Thermal shocks resulting in viability counts above 10° CFU/cm? (60 °C for 5
minutes and 80 °C for 1 minute), on the other hand, did not lead to the biofilm’s eventual
demise. These biofilms eventually recovered to their previous population plateau, albeit
much more slowly than with their original incubation. They demonstrated a longer lag
phase followed by steady growth over the following 12 hours. By comparison, the biofilms
initially reached their population plateau within four hours of inoculation. This sustained
period of slower growth indicates a fundamental change in the bacteria themselves, either

directly by the thermal shock or indirectly through selected killing. For the chemical
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environment of the EPS to remain altered for that long in a 50 um thick hydrogel layer, the
relevant chemical species must have a diffusion coefficient below 10° cm?/s.1*® Such a
species would either be effectively immobile and unable to travel to cells, or would quickly

dissipate into the medium.
5.5. Conclusion

Biofilm infections are a daunting problem with limited options for treatment.
Generating heat within a biofilm’s substrate to deliver a highly localized thermal shock
may be an attractive approach, particularly for medical implants, where the current
standard of care is explantation of the infected device and the surrounding tissue, followed
by additional revision surgeries after the infection has cleared.? While the biofilm’s nutrient
source does not appear to affect its thermal susceptibility significantly, the physical
conditions of its growth do significantly impact its susceptibility to modest thermal shocks,
such as at 50 °C. The efficacy of more aggressive thermal shocks, such as at 60 °C for 30
minutes or 80 °C for 1 minute, however, appears to be much more uniform, reliably
decreasing biofilm population density by five orders of magnitude. That reduction in
population density would bring even the most densely populated biofilms below 10°
CFU/cm?, and apparently below their viability threshold, effectively killing them. Besides
providing an alternative to multiple surgeries with increased infection risk and potentially
months without a needed implant,® this approach may also be applied to non-medical
surfaces that struggle with biofilm fouling but which cannot be subjected to autoclave

temperatures (121 °C), such as low glass-transition plastics.

96

www.manaraa.com



CHAPTER 6: WIRELESS HEATING OF PSEUDOMONAS AERUGINOSA

BIOFILMS USING IRON OXIDE NANOPARTICLE COATINGS*

6.1. Introduction

Recently there have been studies showing the effect of lower temperatures on
biofilms and the exposure times required at these temperatures to kill off the bacteria in the
biofilm,2014% also discussed in Chapters 3 and 5. Iron oxide nanoparticle composites have
demonstrated remote heating up to 7.5 W/cm? in both hydrophilic and hydrophobic
polymer composites.'?? The use of a magnetic coating to induce thermal shock inside the
body will enable a treatment that focuses the energy directly on the implant surface,
precisely where the biofilm is growing as seen in Figure 6.1. The power generated by the
composite is a result of the nanoparticle’s propensity to convert alternating magnetic field
(AMF) energy in to thermal energy.1°22 The current investigation is the first to report
wireless heating of a Pseudomonas aeruginosa biofilms using energy delivered from a

polystyrene (PS) / FesO4 nanoparticle coating.

Alternating ‘ ’
Magnetic Field

o
D Py
~> e SRe SoetRie
SPION Polymer Coating - SPION Polymer Coating
Implant Surface

Implant Surface Implant Surface

Figure 6.1: Overall Schematic of the SPION Coating Function. In the unfortunate case
of implant infection by planktonic bacteria adhering to the device’s surface and forming a
biofilm the SPION (superparamagnetic iron oxide nanoparticle) polymer coating can be
heated wirelessly to treat the infection in situ.

* Adapted from Ricker, E. B., Coffel, J., and Nuxoll, E. Wireless Heating of Pseudomonas
aeruginosa Biofilms Using Iron Oxide Nanoparticle Coatings. In preparation.
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Polystyrene was selected as the polymer coating based on its frequency of use in
implanted devices, its biocompatibility, and its soft yet relatively robust mechanical
nature.'*2 The importance of the polymer being mechanically robust stems from the
necessity of the polymer to be able to withstand mechanically harsh environments such as
a knee replacement or other orthopedic applications. Iron oxide nanoparticles were used in
these experiments since these nanoparticles are one of the most heavily studied magnetic
nanoparticles and have already been used in the clinical setting.''?!?2 P. aeruginosa
biofilms were used since they are the third most common pathogenic bacterial biofilm
found on orthopedic implants® and in the case of blood stream infections it is one of the

most dangerous with a 38.7% mortality rate.’

This chapter investigates the application of the superparamagnetic iron oxide
nanoparticle (SPION) coating as the heat source to Kill the biofilms. It compares the
previous chapter’s results of heat shocks done in a water bath to a heat shock coming
directly from the coating’s surface. This comparison will elucidate the validity of the
previous conclusions made based on the water bath heat shocks. The SPION coating did
follow the same trends as previously seen in the heat shocks delivered from a water bath,
with little deviation. This chapter also explores the heat transfer abilities of the coating and
how that changes depending on the position of the coating in the coil which delivers the
alternating magnetic field. From these experiments a better understand of the heating
potential of the SPION coating for biofilm mitigation was made along with a clearer
understanding of necessary precautions for the applications for future studies of this

coating.
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6.2. Materials and Methods
6.2.1. Iron Oxide Coating

Fesz04 nanoparticles were synthesized via a coprecipitation reaction with FeCls-H,0O
and FeCl»-4H>0 (Sigma Aldrich) in a 2:1 mole ratio under basic conditions (KOH, Sigma
Aldrich) using previously published methods.?> Composite coatings were prepared by
dissolving 3.2 g of polystyrene (PS) resin (~280,000 MW, Sigma Aldrich) in
approximately 40 g of iron oxide nanoparticle slurry (0.082 g/g Fe in toluene) and cast on
frosted glass microscope slides to produce 226 £6 um-thick coatings. After casting, films
were dried at ambient conditions for 8 hr followed by 12 hr of drying at 90 °C to evaporate

all remaining solvent. All coatings were made by Joel Coffel in the Nuxoll laboratory.
6.2.2. Biofilm Growth

Stock Pseudomonas aeruginosa PAOL (15692, American Type Culture Collection)
was streaked onto a Difco Nutrient Agar plate and allowed to grow for 24 hr at 37 °C. Then
two colonies were isolated and placed into 5 mL of Tryptic Soy Broth (TSB, BD Bacto)
and allowed to grow for 24 hr at 37 °C until the inoculum reached 2.12 x 10° + 0.07 x 10°
colony forming units per milliliter (CFU/mL). The coated slides were wiped down with
70% ethanol and each slide was placed coated side up into a well of a 4-well dish. Five
milliliters of TSB were then placed into each well along with 333 mL of the inoculum. The

growth plate was then sealed and placed on an orbital shaker set at 160 rmp for 96 hr.
6.2.3. Wireless Heating

The coatings, with the biofilms grown on the surfaces, were remotely heated in a

6-turn AMF generating coil operating at 2.32 kA/m and 302 kHz with feedback control
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(operated by an Omega.com iSeries temperature controller) and a fiber optic temperature
probe. The coated microscope slides were positioned parallel to AMF lines in a custom,
3D-printed heating chamber with 3 mL of degassed, deionized water; the temperature
probe was positioned directly on the coating’s surface, see Figure 6.2. Controller tuning

parameters were adjusted by Joel Coffel to minimize both the time required to reach the

specified set point and the amount of overshoot from the set point.

Figure 6.2: Pictures of the Chamber Used to Hold the Biofilm and Substrate for Wireless
Heat Shock and The Alternating Magnetic Field Coil. A) Circular chamber base and lid
with hollow voids to insulate chamber from heat loss. B) Chamber placed in 50 mm AMF
coil with insulating foam between the coil and chamber. C) 6.5 cm? coating in chamber
base with foam insulation on both sides of coating. D) Chamber fully assembled in coil
with fiber optic temperature probe passed through coil rungs and into the chamber for
temperature feedback control at the coating’s surface.
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6.2.4. Biofilm Enumeration

After the biofilms were heated using the AMF coil and the coating they were swiftly
submerged in a room temperature 4-well dish containing 5 mL deionized water in each
well and sonicated (9.5 L VWR Symphony) for 10 min at 45 kHz, creating a homogenized
mixture of the dispersed biofilm. The dispersed biofilms were then serially diluted by
taking 100 pL of the solution and mixing in 900 uL TSB to then have another 100 pL
mixed into the next 900 uL TSB and continued for 8 dilutions total. Each dilution was then
spot plated onto an agar plate (Difco Nutrient Agar) and incubated at 37 °C and the colony
forming units were counted the next day. The colony forming units were then converted

into units of logarithmic density via Equation 6.1:

5mL

(plat t)*lodilutionfactor* .
log (;Fn_z + 1) - log[ —— (o) +1 (Equation 6.1)

Csa

where the plate count is the counted CFUs, the dilution factor is the corresponding amount
of dilutions to the counted CFUs, 5 mL is the amount of liquid the bacteria were sonicated
into, 0.2 mL is the amount of plated liquid from the homogenized mixture, Cs, is the

surface area of the coated slide in cm?, the added one is to ensure all numbers are defined
CFU f . . .
regardless of count, and log (Cm—2 + 1) is the final reported value. Since in some cases the

bacteria appeared countable at multiple dilution sets the dilution that had a CFU count
between 3 and 50 was used. To avoid counts that may be skewed from CFUs growing too
close to one another, the plate count had to fall below 50 CFUs. In the case that there were

two dilutions that had countable CFU sets the less dilute set was used.
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6.2.5. Analysis

Using GraphPad Prism 7 the counted colony forming units were analyzed and the
two heating systems compared to one another using a two-way ANOVA with 95%
confidence. Graphs were produced using the calculated arithmetic mean and standard

deviation.
6.2.6. Measurement of Iron Concentration in Solution

To ensure there was no leaching of the iron oxide nanoparticles into the growth
media, the iron concentration in the composite films was measured. This was done by
digesting them in 8 M HCI for 24 hr, reducing all iron species to Fe?*, and measuring the
Fe?* concentration spectrophotometrically (Cary 50, Varian Inc.) using 1,10-

phenanthroline monohydrate in a 3.7 M ammonium acetate buffer.
6.2.7. Safety Precautions

Bacterial safety precautions were the same as seen in Chapter 3’s safety sections.
However, the alternating magnetic field provided an additional safety hazard via its ability
to heat up metals nearby. To avoid any potential problem the area surrounding the coil was
free of metals and no metal jewelry was worn during the experimental trials. Additionally,
the coil could impact electrical units so any computers or other devices were kept outside

a five foot radius from the alternating magnetic field coil.
6.3. Results
6.3.1. Magnetic Nanoparticle / Polymer Composite Coating

The iron oxide / polystyrene composite coatings exhibited excellent adhesion to the
frosted glass microscope slide as evidence by no film delamination from the substrate

102

www.manaraa.com



throughout the entire synthesis, biofilm culture, and heat shock. Twelve millimeter
diameter coupons were cut from six separate coatings to measure their thickness (229 + 5
pum, n =6) and iron concentration (30.0 + 0.4 wt% Fe, n = 6) (work done by Joel Coffel).
Their normalized heating rate, SAR, was shown to vary quadratically with respect to AFM

power as described by Equation 6.2:
SAR = 311.95AMF? — 466.13AMF + 172.19 (Equation 6.2)

where SAR has units of W/g Fe and AMF is the AMF strength with units of KA/m and the
equation has a correlation coefficient of R?2 = 0.9998. The SAR when measured at a
maximum AMF of 2.32 kA/m was 675 + 26 W/g Fe, n = 6, which corresponds to a
maximum surface heat flux of 11.1 W/cm? assuming a weighted iron composite density of

2.4 glem®,
6.3.2. Wireless Heating

A typical, wireless heat shock requiring an initial, maximum power of 11.1 W/cm?
was delivered to bring the surface temperature up to an 80 °C set point. Once the
temperature approaches this set point, the controller reduced the power delivery
dramatically and reached a steady state value near zero after 12 min of heating, suggesting
minimal heat losses from the heating chamber to the environment. Transient temperature
profiles for the coating under feedback control are shown in Figure 6.3. The most extreme
temperature rise (from 21 to 80 °C) was achieved in approximately 30 to 45 s with lower
set points reaching their target temperature more quickly. The amount of time the coating
was not at its set point was quantified by dividing the area underneath the temperature
curve by the ideal area that would be obtained if the coating reached its set point

instantaneously at t > 0. Values greater than 0.9 were expected for heat shocks lasting
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longer than 1 min, i.e. the heat shock was at its specified set point for greater than 90% of
the total heat shock time. One minute heat shocks had values less than 0.9 due to the amount
of time for the temperature to climb to its set point value—qgreater than 15 secs for most
temperature set points from room temperature. Further, the offset (defined as the difference
the actual temperature deviated from its set point value) was quantified by time averaging
this value over the entire trial period. Negative offset values indicated minimal temperature
overshoot which were more desirable to ensure heat shock temperatures did not climb
above their specified set point. Demanding a slower temperature rise with less overshoot,
or vice versa, for a desired set point can be achieved with this coating and feedback

controller by adjusting the controller’s PID tuning parameters (done by Joel Coffel).

37°C 50°C 60 °C 70°C =80 °C

Temperature (°C)

0 1 2 3 4 5
Time (min)

Figure 6.3: Transient Temperature Profiles of Coating Surface. Set point surface
temperatures were achieved in less than 45 s from the time the AMF generator was turned
on to begin the heat shock. Less than 0.5 °C offset is observed once steady state was
achieved. Figure created by Joel Coffel.
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The polymer coating contained enough iron to quickly ramp-up its surface
temperature using a feedback control loop implemented for this system. Set point

temperatures were reached within 30 seconds with little to no overshoot, as seen in Figure

6.3.

6.3.3. Biofilm Growth

Control experiments done at body temperature and at the growth temperature,
37 °C, were compared between the water bath heat shocks from Chapter 5 and the SPION
coated heat shocks. There were no statistical differences between the two heat shock styles
as seen in Figure 6.4, indicating that the biofilms did not form differently due to the coating.
All of the SPION coating controls, the 37 °C trials, were found to not be statistically

different from one another with an average of 6.72 + 0.52 log(CFU cm™ +1).

Bl SPION Coating
Bl Water Bath

Quantification o 1,
Limit

log(CFU/cm 2 + 1)

0-

Exposure Time (min)

Figure 6.4: Comparison of the Biofilm Growth After the Control Heat Shocks from the
Water Bath Heating and the SPION Coating Heating. Results from the heat shocked
biofilms published in the O Toole et al. paper were compared to the heat shocks done with
the SPION coating in these trials to ensure that the biofilms had a similar end population
regardless of the heat source at body temperature, 37 °C.
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Iron concentration was measured in the cell culture media used to grow the biofilms
and the media used to perform the heat shock. The iron concentration of a fresh media
control was subtracted from these measurements and indicated no iron detection observed
spectrophotometrically, suggesting little to no iron oxide nanoparticle diffusion from the
polystyrene composite matrix into the surrounding environment. The iron concentration
results showed that the nanoparticles were not leaching out of the film and therefore not

impacting the biofilm.
6.3.4. Biofilm Mitigation

The heated biofilms resulted in similar bacterial cell death to the previously seen
water bath thermal shocks in Chapter 5. In all but three cases there was no statistical
difference found between the two heating styles. The three cases that were different from
the water bath data were the 60 °C for 5 minutes, 70 °C for 1 minute, and 80 °C for 30
minutes. In all of these cases the heating from the SPION coating resulted in more bacterial
cell death than seen in the water bath thermal shocks, which can be viewed in Figure 6.5.
The 80 °C for 30 minutes thermal shock had the strongest direct statistical significance;
however, the SPION coating and the water bath heating results were both below the
quantification limit. This indicates that the apparent difference between the two points is
not as statistically significant as it appears. The quantification limit is based off of three
colony forming units being the lowest reliable count resulting in a quantification limit at

1.9 log(CFU/cm +1).
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O1 min (wireless) E 1 min (water bath)

B 5 min (wireless) 715 min (water bath)
W 30 min (wireless) 30 min (water bath)
*

Population Density
log (CFU/cm? + 1)

60
Thermal Shock Temperature (°C)

80

Figure 6.5: Biofilm Thermal Shock Susceptibility Comparison of Water Bath and
SPION Coating Heating. The wireless heating via the SPION coating resulted in similar
amounts of viable bacterial cells post thermal shock as the previously seen water bath
thermal shocks from Chapter 5. The asterisk denotes a statistical difference and the plus
sign denotes when no CFUs were detected.

The data within the heat shocks achieved via the SPION coating resulted in the
lower temperatures having less effect than the higher temperatures and increased in
efficacy with lengthened exposure time, shown in Figure 6.5. The 50 °C for 1 minute and
5 minutes were not statistically different from the controls. The same was true for the 60
°C for 1 minute thermal shock that resulted in similar viable counts as the control heat
shocks. The 60 °C thermal shocks for 5 minutes and 30 minutes showed a mean decrease
of 3.59 log(CFU/cm +1) and 3.58 log(CFU/cm +1), respectively. The 70 °C heated bacteria

showed a steady decrease in viability with increased exposure time starting with a two-

logarithmic reduction for 1 minute of exposure and another two-logarithmic decrease at
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each subsequent exposure time. The 50 °C for 30 minutes heat shock was not significantly
different from the 70 °C for 1 minute heat shock. Additional similarities in viable cell
counts post thermal shock were observed in the 60 °C for both 5 and 30 minutes, 70 °C for
5 minutes, and the 80 °C for both 1 and 5 minutes. All the 80 °C heat shocks for 30 minutes

resulted in no colony forming units indicating that all of the bacteria died in the heat shock.
6.3.5. Heating Uniformity

The original set of thermal shocks in the coil was done on the super paramagnetic
iron oxide nanoparticle (SPION) coated microscope slides that were scored down to be 2.5
cm wide and 3.75 cm long. It was found that the edges of these slides did not have similar
ampere meter readings as the rest of the microscope slide resulting in slightly lower
temperatures along the edge.!'? This is most likely due to the fact that the normalized
heating rate (SAR) has a quadratic dependence on field strength, as seen in Equation 6.2

above.

The temperature discrepancy across the SPION coating surface can be observed in
Figure 6.6, with the coating on the left side of the field resulting in lower temperatures than
the rest of the surface. The smaller slides were more suitably within the AMF field therefore
they were investigated for key thermal shocks that showed significant differences between
the water bath results and the SPION coating. Since the longer slides with the SPION
coating had potential cooler edges, see Figure 6.7, only the data points that had larger
amounts of viable cells after the thermal shocks were investigated. The 60 °C for 5 minutes
and for 30 minutes, the 70 °C for 1 minute, and the 80 °C for 1 minute thermal shocks were
all identified as having larger viable cell counts after the thermal shock that were

significantly different from the water bath data seen in Chapter 5. These temperatures and
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exposure times were then repeated with slides of 2.5 cm by 2.5 cm instead to ensure that

the surface had a uniform field, see Figure 6.8. The shorter slides showed a significant

decrease in viable cell counts after heating than the longer slides for the majority of the

thermal shocks. The 70 °C for 1 minute did not show a significant difference between the

two lengths.
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Figure 6.6: Temperature Across the SPION Coating Surface. Temperature

measurements across coating surface correspond to deficiencies in the magnetic field
strength near the left end of the coil/heating chamber which result in parts of the coating
being heated to lower temperatures than the desired set point value. Figure created by Joel

Coffel.
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Figure 6.7: Schematic of the SPION Coating Position in the Alternating Magnetic
Field’s Coil and the Resulting Power Output Heat Map. A) The position of the alternating
magnetic field coil to the coating were parallel to one another. B) The heating effect
towards the edge of the slide’s surface was affected by the lower magnetic power towards
the edge of the coil due to decreased alternating magnetic field strength at the ends. Figure

created by Joel Coffel.
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Figure 6.8: Effect of Slide Length on Bacterial Viability Under Various Heat Shock
Conditions. Due to the lower heat transfer at the ends of the slides, shorter slides were
investigated to determine the overall effect on bacterial viability post heat shock. In all
cases the bacterial population decreased or stayed the same when the length of the coating

was decreased.
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6.4. Discussion

Biofilm infections on implanted devices affect hundreds of thousands of patients in
the United State annually, leading to painful and long recoveries for these patients.?® The
superparamagnetic iron oxide nanoparticle (SPION) coating developed proved that
wireless heating can not only be achieved, it killed 100% of the bacteria in the biofilm on
a surface as seen by the most extreme case, 80 °C heat shock for 30 minutes. Previous
research has shown the effect of heat on biofilms and the possibility of wireless heating
applied to a surface;?? however, this is the first case where a coating has been shown to

wirelessly heat a surface and successfully kill bacteria in a biofilm.

It was demonstrated that the temperature of the device can be tuned to reach a given
temperature and hold that temperature for a specific amount of time. This allows for
specific parameters to be achieved based on the needs of the patient, implant, and infection.
The heating achieved via the SPION coating was not statistically different overall from the
viable cell count reductions previously reported in Chapter 5 using a water bath showing
that the means of heat delivery is independent of the actual amount of bacterial cell death.
Heat shocks delivered via a water bath were the same as the heat shocks delivered via the
SPION coating for all the control temperature, 37 °C, trials regardless of exposure time. In
both the SPION coating heated cases and the water bath heated cases there was little to no
effect at 50 °C for 1 and 5 minutes nor at 60 °C for 1 minute. At extended exposure times
at 60 °C the population steadily decreased. With the 80 °C heat shocks showing huge
population drops, 70 °C was added to the temperature points to explore the effects between
the 80 °C heat shocks resulting in high efficacy and the 60 °C which had a large time

dependence. For the 5 minutes and 30 minutes of heat shock exposure there was little
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difference observed between the 70 °C and 80 °C heat shocks. This indicates that if a longer
exposure time is needed at lower temperature a heat shock at 70 °C might be a good

alternative to the 80 °C heat shocks.

Overall trends were very similar between the water bath and SPION coating heating
systems. Similar to the previously reported heat shocks the wireless heating still showed
the biofilms to be more resistant to the lower temperatures, such as 50 °C for 1 and 5
minutes and the 60 °C thermal shock for 1 minute. The 60 °C and 70 °C heat shocks were
more effective against the bacteria and the 70 °C thermal shocks dropped the viable cell
count by 2 log (CFU/cm +1) with each time step explored indicating a stronger time
dependence than seen in the water bath heating trials. The temperature still proved to be
the most effective factor with the exposure time to that temperature having a secondary
effect. Another similarity between the two heating styles showed that a lower temperature
can be maintained for longer to achieve the same amount of bacterial cell death as seen at
a higher temperature held for a shorter amount of time. An example of this was the 50 °C
for 30 minutes was not statistically different from the 70 °C heat shock for 1 minute. This
was also seen for heat shocks at 60 °C held for 30 minutes mitigating a similar amount of
bacterial cells as seen by the 80 °C heat shock for 1 minute. Using these similarities will
allow for biofilm infected implants to be treated at lower temperatures for longer periods
of time or higher temperatures for brief periods of time depending on many factors, such

as heat transfer and the type of implant material used.

Previously it was found that the thermal loading can be increased by simultaneously
increasing the iron concentration and film thickness, and maintaining a parallel orientation

to the magnetic field.'?? Using this information a large amount of iron oxide nanoparticles
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was used in the coating to quickly ramp-up the surface temperature. The coating was
always placed in the same location in the magnetic field with a parallel orientation to the
field for each trial. The temperature ramp-up time was brief for the SPION coating, but
when compared to the water bath which has a large thermal inertia resulting in a negligible
period of time to reach the set temperature there were some differences. Despite these
differences the SPION coating heat shocks resulted in very similar bacterial reduction to

the previously found water bath heat shocks for these biofilms.

There were, however, a few cases that resulted in statistically different results than
what was seen in the water bath trials occurring in the transition temperatures and the most
variation in results appeared when the length of the coating was changed. The differences
observed were most likely due to the coating not reaching a uniformly heated surface,
which is a possible scenario with any AMF coil and a medical device coating combination
and must be taken into account. There were three statistically different points, the 60 °C
for 5 minutes, 70 °C for 1 minute, and 80 °C for 30 minutes, seen in Figure 6.8. The
mismatch in the data is a direct result of cooler areas on the coating as a result of areas of
the coating extending into a weaker AMF as seen in Figure 6.7. Even though 90% of the
larger surface area coating is in a uniform field with an average AMF strength of 2.31 £0.02
kA/m, and the remaining 10% is exposed to a field strength that is only 9.4% lower than
the average (2.09 £0.1 kA/m), due to the quadratic dependence of AMF energy conversion
to thermal energy, using Equation 6.2, the heating rate would be 26% less in this weaker
area. This results in cold spots which are, at most, 5-6 °C cooler than the rest of the coating

as shown in Figure 6.6. Dramatic differences can be observed at these heat shocks with
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different coating to AMF field ratios indicating that a larger AMF field with a smaller

coated surface will result in a more uniform heating across the entire surface.
6.5. Conclusion

Currently the procedure used for treating patients with biofilm infected implants is
incredibly invasive, requires many surgeries, has a long recovery time, and has a low
patient quality of life.2° The introduction of a SPION coating that can be heated wirelessly
and kill the bacterial biofilm in situ without needing additional surgeries could greatly
improve patient quality of life. The data obtained were similar to the previous findings of
heat shocks on biofilms done in a water bath suggesting that the biofilm will respond to
heat similarly regardless of the source. This research proved that the wireless heating via
the SPION coating can be achieved and can kill 100% of the bacteria at the most extreme
case and 99.9999% of the bacteria if heated at 80 °C for 5 minutes. It was demonstrated
that the amount of bacterial cell death has the most variation between 60 °C and 80 °C. In
this transition range it was observed to have a maximum efficacy when the coating was
smaller than the AMF field due to a more uniform heating of the surface. Progress could
be made to ensure a uniformly heated coating by using a larger coil than the patient, or
mirroring variances in magnetic field strength with corresponding variances in iron loading
or coating position relative to the applied AMF. The more extreme temperatures resulted
in the most reduction of the biofilm’s bacteria, even at the shorter exposure times,
suggesting that the higher temperatures at shorter exposure times should be a focus in the
future to maximize the bacterial reduction and minimize the heat penetration into the
surrounding tissue. The next chapter explores the heating of these biofilms in conjunction

with antibiotics to determine if there are additive or synergistic effects between the two
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therapy options since most patients will be treated with antibiotics regardless of additional

heat shock treatment.
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CHAPTER 7: SYNERGISTIC EFFECTS OF HEAT AND ANTIBIOTICS

ON PSEUDOMONAS AERUGINOSA BIOFILMS?®

7.1. Introduction

Persister cells are bacteria in a biofilm that have low metabolic rates and low
division rates, which are more resistant to the effects of the antibiotics that typically target
either a metabolic pathway or a replication process.*®5114° The presence of persister cells
results in a population of bacteria that are inherently more resistant to antibiotic
treatment.*> The application of a mild temperature increase, 5 °C increase or less, has
enhanced antibiotic efficacy against biofilms in some cases,®*%! though the decrease in
population density was still modest. With the ability to wirelessly deliver localized heat
directly at an implant surface in situ, more aggressive temperature increases can be
achieved,*?? prompting the need to investigate the combined effect of these two orthogonal

mitigation strategies together.

This study investigated the combined effect of antibiotics with heat using
Pseudomonas aeruginosa biofilms. P. aeruginosa is a common model organism and is the
third most common biofilm former on joint implants.® The antibiotics ciprofloxacin,
tobramycin, and erythromycin were investigated due to their different mechanisms of
action, different sizes, their resistance to higher temperatures, and their frequency of use in
patients. The differences in their structural make up and size can be viewed in Figure 7.1.
Ciprofloxacin is the smallest of these antibiotics, 331 g/mol, and has been shown to

dehydrate at 120 °C, but remains stable below 100 °C.%271% |t inhibits DNA gyrase and

sRicker, E. B. and Nuxoll, E. Synergistic Effects of Heat and Antibiotics on Pseudomonas
aerugionosa Biofilms. In preparation.
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topoisomerase IV which in turn hinders the cell’s ability to replicate.’® Tobramycin is
slightly larger than ciprofloxacin at 468 g/mol and has no appreciable decomposition until
164 °C.'™ Tobramycin binds to the 30S ribosomal subunit in the 16S rRNA A-site
preventing protein synthesis.®*'%8 Erythromycin is the largest of these antibiotics, 734
g/mol, and does not experience dehydration until reaching 105.6 °C.'° Erythromycin
hinders protein synthesis by binding to the 50S ribosomal subunit in the exit tunnel and
causes addition defects.6%162 The effect of each antibiotic on both planktonic and biofilm
bacteria was determined across a concentration range of 0.25 pug/mL to 32 pg/mL for each
antibiotic, with further concentrations investigated as needed. Select concentrations were
then added to heat shock trials ranging from 37 °C to 80 °C and 1 min to 30 min exposure
time. Population reductions for these combined treatments were then compared with

reductions by corresponding mono-treatments to identify and quantify synergistic activity.

331 g/mol 468 g/mol 734 g/mol

Figure 7.1: Antibiotic Structures and Their Molecular Weight. The structure of (A)
ciprofloxacin, (B) tobramycin, and (C) erythromycin and their corresponding molecular
weights.
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7.2. Materials and Methods
7.2.1. Biofilm Growth

Cryogenically preserved Pseudomonas aerugiona PAO1 (15692, American Type
Culture Collection, Manassas, VA) was thawed and streaked on an agar plate (Difco
Nutrient Agar, Sparks, MD, USA). The agar plates were inverted and incubated at 37 °C
for 24 hours. An inoculum was made by suspending two colony forming units (CFUs) from
the agar plate in five milliliters of sterile tryptic soy broth (TSB, BD Bacto, Sparks, MD,
USA) made as directed and incubated at 37 °C for 24 hours, achieving an average
concentration of 2.12 x 10° + 0.07 x 10° CFU/mL. One milliliter of inoculum was then
diluted into 15 mL TSB and mixed gently. One hundred fifty microliters of the diluted
mixture was then placed into each well of the 96-well plate, except for the negative control
wells which received 150 pL of TSB. The plate was part of an MBEC™ assay (Innovotech,
Edmonton, AB, Canada) in which a corresponding array of 96 pegs protrudes from the
plate lid into the wells, providing a convenient array of substrates for biofilm growth which
are then readily transferred to new wells.'®® The peg lid was placed onto the 96-well plate
then sealed using Parafilm and placed on an orbital shaker table (VWR 1000, 15 mm orbit,

Thorofare, NJ, USA) at 160 rpm and incubated at 37 °C for 24 hours.
7.2.2. Antibiotic Preparation

A stock of 5 mg/mL ciprofloxacin in sterile, de-ionized water was prepared with
ciprofloxacin hydrochloride (MP Biomedicals, Santa Ana, CA, USA) and mixed
thoroughly. Tobramycin stock was made in a similar fashion by mixing 5 mg/mL
tobramycin sulfate salt (Sigma-Aldrich, St. Louis, MO, USA) in sterile, de-ionized water.

Erythromycin was obtained from MP Biomedicals and the stock was prepared by mixing

118

www.manaraa.com



5 mg/mL erythromycin into ethanol. Each antibiotic mixture was then filter sterilized
through a 0.22 pL PES membrane sterile filter (Millex®GP filter unit) and stored at 2 °C.
Each antibiotic was then diluted from the stock solution into sterile TSB at an array of

concentrations serially diluted in a 96-well challenge plate used that day.
7.2.3. Antibiotic Exposure

After 24 hours of growth, the array of biofilm-covered pegs was transferred into a
96-well rinse plate (Costar® 96 well flat bottom cell culture, Corning Incorporated, NY,
USA) containing 200 pL/well de-ionized, sterile water at ambient temperature for 2 min to
remove bacteria not incorporated in the biofilm. The peg lid was then transferred to a 96-
well challenge plate of wells containing 200 pL of various concentrations of ciprofloxacin,
tobramycin, or erythromycin diluted in TSB. The range of antibiotic concentration was
determined from the degree of efficacy the antibiotic had on the biofilm with a range of
0.032 pg/mL to 32 pug/mL for ciprofloxacin, 0.25 pg/mL to 32 pg/mL for tobramycin, and
0.25 pg/mL to 128 pg/mL for erythromycin. For the antibiotic experiments without heat
shock the peg lid was exposed to a single challenge plate for 24 hours in an incubator at 37
°C before rinsing again for 2 min in a new rinse plate. The peg lid was then transferred to
a recovery plate containing 200 pL/well fresh, sterile TSB for resuspension and

enumeration.

7.2.4. Antibiotic and Heat Exposure

To investigate the combined effect of antibiotics and heat shock, three antibiotic
concentrations were selected based on the antibitiotic treatment results. A concentration
with little to no effect was selected, along with a transition concentration where an effect

on the biofilm was observed, and the bloodstream concentration of each antibiotic when
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used in a patient. These concentrations allowed for any synergism present to be observed
and for the observation of the most applicable concentration, the bloodstream
concentration, to be compared at the same combined treatment parameters. The
bloodstream concentration may be higher than the concentration at the implant’s surface,
however, it is likely that the antibiotics are saturated in the tissue, thereby obtaining similar
concentrations as the bloodstream. Biofilms cultured and exposed to antibiotics as
discussed above were removed from their antibiotic challenge plate after only four hours.
The four hours of antibiotic exposure before heating would give the antibiotics time to
diffuse through the EPS, if they are capable of doing so, before the heating step and would
similuate the real world application more closely since people will be treated with
antibiotics prior to, throughout, and post heat treatment. They were quickly tranferred to a
challenge plate with the same array of antibiotic concentrations, preheated to the target
temperature by a thermostatted water bath. Temperatures of 37 °C, 50 °C, 60 °C, 70 °C,
and 80 °C were studied at exposure times of 1, 5, and 30 min. The pegs were left in the
heated challenge plate for the desired exposure time, then transferred to a new challenge
plate with the same antibiotic concentrations at 37 °C and incubated for the remainder of
the total 24 hour antibiotic exposure time. Following 24 total hours of antibiotic exposure
time the peg lid was rinsed once again for two minutes in a new rinse plate and placed into
a recovery plate for re-suspension and enumeration. Each growth and challenge plate step

is shown in Figure 7.2,
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Figure 7.2: Schematic of the Biofilm Growth and the Combined Heat Shock and
Antibiotic Treatment. Stock P. aeruginosa PAOL bacteria was prepared to grow biofilms
which were grown in an MBEC™ assay on an orbital shaker table. The biofilms were then
transferred via the peg lid to a rinse plate to rinse off any loosely adhered bacteria then
moved over to the challenge plate containing antibiotics and controls in different wells.
After 4 hours of the initial challenge plate the biofilms were heat shocked in a heated water
bath. The biofilms were then swiftly transferred over to a new challenge plate for the
remainder of the total 24 hours of antibiotic exposure. The biofilms were rinsed once again
and then placed in a recovery plate for sonication, dilution, and enumeration.

7.2.5. Biofilm Enumeration

To disrupt the biofilm and re-suspend the bacteria in a homogenous solution for
serial dilution, each recovery plate with biofilm covered pegs was sonicated for ten minutes
at 45 kHz in a VWR Symphony 9.5 L sonicator (Radnor, PA, USA). The sonicated
recovery plates were serially diluted tenfold in a 96-well flat bottom culture plate. Twenty
microliters of each dilution were spot plated on agar plates and allowed to absorb for
approximately 20 minutes before the agar plates were inverted and incubated at 37 °C for

20 to 24 hours. The resulting colony forming units (CFUs) were then counted and recorded.
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The logarithmic population density, log( ) was calculated using Equation 7.1:

diluti t 200 puL
log (€U = 1og [#1ate commprrotteton e (o)
og(=—)=1lo oo

+ 1] (Equation 7.1)

where the dilution factor is the number of tenfold dilutions corresponding to the sample
counted and the plate count is the number of CFUs counted in that sample. The (200 pL /
20 pL) is the ratio of the total recovery suspension to the amount that was sampled.
Dilutions showing 3 to 50 CFUs were used for analysis; when two dilutions fit this range,
the less dilute sample was used. The upper bound (50) prevents counting error due to

overlapping CFUs and the lower bound (3) prevents a single CFU from altering the

log( ) value by more than 0.125 by chance. By this rubric, population densities below
log (%) = 1.49 cannot be quantified. In cases where the undiluted recovery well sample

yielded less than 3 CFUs, lower log( ) were calculated but should be considered below
the quantification limit. For samples with no CFU evident, the “+1” in Equation 7.1 ensured
that the log( ) value was 0 rather than mathematically undefined,; its effect on values
above the quantification limit is negligible.

7.2.6. Optical Density Measurements of Planktonic Bacteria

The planktonic bacteria that had escaped the biofilm via dispersion after the heat
treatment were optically observed to better understand the biofilm’s dispersion post heat
treatment while antibiotics were still present. To estimate the free-swimming bacteria
following the antibiotic treatment, the optical density (BioTek Gen5 Microplate Reader,

Winooski, Vermont, USA) at 600 nm was measured for each well in the second challenge
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plate. The negative controls in the challenge plate contained only TSB and were used to

calculate an average background.
7.2.7. Statistical Analysis

The statistical analysis of both the planktonic optical density reads and the
logarithmic CFU counts were reported via their arithmetic mean and standard deviation.
The reported optical density numbers had a measured average background of 0.8 subtracted
from their original raw values. Statistical analysis was performed in GraphPad Prism 7
using the two-way ANOVA with a confidence interval of 95%. The antibiotic and heat
treatments were only considered synergistic when the antibiotic treatment and the heat
treatment had no effect on their own while the combined treatment showed a decrease in

viable bacterial cells post treatment.
7.3. Results
7.3.1. Antibiotic Biofilm Trials

None of the antibiotics reduced the biofilm below quantifiable population density
at physiologically relevant concentrations, as indicated in Figure 7.3, which shows biofilm
population densities after 24 hours of 37 °C exposure to antibiotic concentrations ranging
from 128 pg/mL to 0.032 pg/mL in twofold dilutions. Ciprofloxacin and tobramycin did
show a power-law decrease in biofilm population density with increasing antibiotic
concentration up to 32 pg/mL, with ciprofloxacin prompting consistently lower

populations. Erythromycin showed little effect at any concentration.
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Figure 7.3: Antibiotic Effect on Biofilm Viability. The ciprofloxacin and tobramycin
followed a power-law decrease for a discrete concentration range before reaching an
asymptote, with ciprofloxacin having a larger effect on the biofilms than tobramycin.
Erythromycin showed no statistical differences for each concentration tested.

These results were used to select the concentrations for the combined antibiotic and
heat-shock trials. Intravenously, ciprofloxacin, tobramycin, and erythromycin are
administered at concentrations of 4, 4, and 2 pg/mL, respectively.®® As these concentrations
ciprofloxacin and tobramycin had significant population effects on their own, lower
concentrations, 0.125 and 1.0 pg/mL for ciprofloxacin and 1.0 and 2.0 pg/mL for
tobramycin, were also used for the combined treatment trials so that increased bacterial
death from combined activity could be better quantified. The lower concentrations had
little impact on biofilm population density by themselves (discernable for ciprofloxacin)
while the intermediate concentrations had a clear power-law effect. Larger concentrations,

64 and 128 pg/mL, of erythromycin were used to increase the likelihood of observing any

antibiotic effect at all.
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7.3.2. Effects of Antibiotics and Heat on Biofilms

The biofilms were more resistant to both heat and antibiotics than their planktonic
counterparts. Without antibiotics, the heat treatment alone resulted in a binary effect,
killing all the biofilm bacteria at 60 °C for 30 min, 70 °C for 5 min, and 80 °C for 1 min,
while milder treatments had no statistically significant effect, as seen in Figures 7.4 through
7.6. Without heat shock, the biofilm reductions agree with Figure 7.3, showing that the
transfer of the biofilms to fresh 37 °C wells had little impact on biofilm viability. These
results reconfirm that while ciprofloxacin and tobramycin at higher concentrations
significantly reduce biofilm populations, they cannot, on their own, reliably eliminate them
as seen with the more aggressive heat shocks. Even at low concentrations, however, those
antibiotics have a significant synergistic impact within a key window of heat shock

conditions.

Ciprofloxacin at the bloodstream concentration, 4 pg/mL, and at 1 pg/mL
substantially reduced biofilms with at least a five-order magnitude decrease in viable
bacteria regardless of the heating, seen in Figure 7.4. Combined with 70 °C, 1 min heat
shocks, these ciprofloxacin concentrations left no viable bacteria, however, despite the fact
that the 70 °C 1 min heat shock by itself had no discernable effect. Even the 0.125 pg/mL
ciprofloxacin concentration, which had little effect on biofilms by itself, reduced biofilm
populations by five orders of magnitude when combined with otherwise ineffective heat

shocks at 60 °C for 5 min and 70 °C for 1 min.
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Figure 7.4: Effect of Heat and Ciprofloxacin on Biofilm Viability. The heat on its own
had no effect except at 60 °C for 30 min, 70 °C for 5 min, and 80 °C for 1 min where it
effectively eradicated all the bacteria. At the other temperature and exposure times the
ciprofloxacin showed no statistical difference from the controls except at 60 °C for 5 min
and 70 °C for 1 min where the viable cell counts dropped dramatically for the 0.125 pg/mL
concentrations. The asterisks denote significant differences from the corresponding
controls (37 °C).

Tobramycin was the second most effective antibiotic on its own and demonstrated
this synergy with heat more clearly than either of the other two antibiotics. Figure 7.5
shows the trend of prolonged heat exposure time increasing the overall efficacy of biofilm
mitigation at all non-zero tobramycin concentrations, regardless of temperature. No trend
is seen at the control temperature (37 °C) nor is this trend observed without tobramycin,
except for complete elimination at 60 °C for 30 min, 70 °C for 5 min, and 80 °C for 1 min

as mentioned earlier. Within each of the concentration sets for tobramycin the 50 °C for 30

min and the 60 °C for 5 min exposures resulted in similar mitigation amounts. At 50 °C for
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30 min, 60 °C for 5 min, and 70 °C for 1 min the effect of the combined heat and antibiotics

was larger than either treatment by itself.

(%]
L

=
+
g m 4 pg/mL
54 x
2 W2 pg/mL
:o.o ® 1 pg/mL
=3 *
* 0 pg/mL
*
2 4
1 - *ox
0 -
1 min 5 min 30 min 1 min 5 min 30 min 1 min 5 min | 30 min 1 min | 5 min 1 min
37°C 50°C 60°C 70°C 80°C

Figure 7.5: Effect of Heat and Tobramycin on Biofilm Viability. An observable increase
in treatment efficacy can be seen at 60 °C for 5 min and 70 °C for 1 min regardless of
tobramycin concentration. A subtler increase in treatment efficacy was observed at 50 °C
for 30 min. Otherwise there were no statistical differences between the controls and the 50
°C for 1 and 5 min regardless of tobramycin concentration. Heat treatments of 60 °C for
30 min, 70 °C for 5 min, and 80 °C for 1 min eradicated the biofilm independently of the
tobramycin concentration. The asterisks denote significant differences from the
corresponding controls (37 °C).

Erythromycin showed no effect at any concentration for the control temperature,
37 °C, nor in combination with 50 °C heat treatments as seen in Figure 7.6. However,
biofilms heated at 60 °C for 5 min and treated with 64 pug/mL or 128 pug/mL erythromycin
decreased in viable bacteria by an average of 1.5 log(CFU/peg) and 2.7 log(CFU/peg),
respectively. At 70 °C for 1 min the biofilms exposed to 64 pug/mL decreased by 2.3

log(CFU/peg) and when exposed to 128 pg/mL the number of viable bacteria decreased by
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6.0 log(CFU/peQ). Similar to the other antibiotics, the combined antibiotics and heat shock
approach showed the greatest increase in efficacy over either individual treatment in the

heat shock window of 60 °C for 5 min to 70 °C for 1 min.
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Figure 7.6: Effect of Heat and Erythromycin on Biofilm Viability. No statistical
differences were seen between any of the erythromycin concentrations for temperatures of
37 °C and 50 °C. At 60 °C for 5 min an observable difference appears at concentrations
of 128 and 64 pg/mL and again at 70 °C for 1 min. Biofilms treated with 2 pg/mL
erythromycin proved to be no different than the biofilms not exposed to antibiotics. The
heat killed off all the bacteria regardless of antibiotic treatment at the higher temperatures
and prolonged exposure times. The asterisks denote significant differences from the
corresponding controls (37 °C).

7.3.3. Effects of Antibiotics and Heat on Dispersed Planktonic Bacteria

Further confirming the biofilm measurements, the media in which the biofilms
incubated after heat shock resulted in optical density measurements with virtually no
bacteria for treatments in which the corresponding biofilm was destroyed. Moreover, in

antibiotic free trials the heat shock had no apparent effect on the bacteria’s ability to
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disperse from the biofilm and repopulate a fresh well. However, the presence of antibiotics
strongly inhibited planktonic bacterial growth regardless of the presence of heat shock. All
three concentrations of ciprofloxacin, 0.125, 1.0, and 4.0 pg/mL seen in Figure 7.7, and
tobramycin, 1.0, 2.0, and 4.0 pg/mL seen in Figure 7.8, were effective against the
planktonic bacteria with the higher two of the three concentrations killing off almost all the
free-swimming bacteria regardless of heat shock. Erythromycin had no discernable effect
at 2 pg/mL as seen in Figure 7.9. However, at 64 pug/mL there was a reduction in population
even without heat shock, and a further decrease in viable planktonic bacterial cells at 128
pg/mL. Notably, while a 60 °C heat shock for 5 min had no effect by itself, in the presence
of erythromycin the bacteria population was significantly reduced from the non-heat-
shocked values, this effect was even more pronounced with a heat shock at 70 °C for 1
min. The synergistic effect of antibiotics with heat shocks at 60 °C for 5 min and 70 °C for

1 min were observed with all the antibiotics, but most prominent with erythromycin.
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Figure 7.7: Effect of Heat and Ciprofloxacin on the Remaining Planktonic Bacteria
Viability. The optical density of the dispersed planktonic bacteria from the biofilm proved
to only be present for concentrations of 0.125 pg/mL ciprofloxacin or when there was no
antibiotic present. Heat treatments of 60 °C for 30 min, 70 °C for 5 min, and 80 °C for 1
min had no growth regardless of ciprofloxacin concentration. Ciprofloxacin at 0.125
pg/mL when combined with 60 °C for 5 min or 70 °C for 1 min completely eradicated the

planktonic bacteria.
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Figure 7.8: Effect of Heat and Tobramycin on the Remaining Planktonic Bacteria
Viability. Tobramycin was quite effective against the bacteria that dispersed from the
biofilm and showed complete eradication of the planktonic bacteria at all concentrations
of tobramycin at 70 °C, 80 °C and 60 °C for 30 min. At concentrations of 1 pg/mL and 2
pg/mL when combined with heat shocks of 50 °C for 30 min or 60 °C for any exposure time
resulted in no planktonic growth.
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Figure 7.9: Effect of Heat and Erythromycin on the Remaining Planktonic Bacteria
Viability. No difference was observed between the biofilms treated with an erythromycin
concentration of 2 pg/mL and the biofilms not treated with erythromycin. However, the
higher concentrations of erythromycin did have an improved efficacy in the presence of
heat against the planktonic bacteria.

7.4. Discussion

Biofilms are present in many locations, from the plague on teeth to the bottom of
ship hulls. On implanted medical devices a biofilm infection can be life threatening and
often requires surgical explantation followed by intensive antibiotic treatment before
surgical implantation of a replacement device.? This stems from biofilms’ much higher
resistance to antibiotics than their planktonic counterparts,’®'’® a phenomenon
demonstrated again in this study, with all three antibiotics showing more efficacy against
free-swimming bacteria than their biofilms. In the most extreme case, erythromycin at 37
°C had no effect against the biofilm at any concentration, but decreased the optical density
of the planktonic bacteria by 90% at 128 pg/mL. Tobramycin and ciprofloxacin had some

efficacy against the biofilms, but in each case reached an asymptote where they could not
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further reduce the bacteria population below about 3 log(CFU/peg) or 1 log(CFU/peg),
respectively, while virtually eliminating planktonic bacteria. Heat shock, on the other hand,
appears to effectively mitigate biofilms, though conduction of heat to the tissue may cause
significant damage which must be minimized®’1?%4® and the combination of antibiotics

with the heat could lower those required temperatures.

As antibiotics are typically administered to infected patients as a first line of
defense, their effect on the efficacy of heat shock is of prime interest. It was hypothesized
that synergistic effects would be observed from improved transport of the antibiotics
through the EPS or increased bacterial metabolism from the heat increasing the
vulnerability of the bacteria. The heat shock window for such observations is limited on
one end by shocks effective enough to eradicate the bacterial biofilms on their own (60 °C
for 30 min, 70 °C for 5 min, and 80 °C for 1 min) and on the other end by shocks so weak
that even amplified effects are not discernible. This synergistic window was observed at
70 °C for 1 min and at 60 °C for 5 min for all the antibiotics and additionally at 50 °C for
30 min for tobramycin. At these temperatures and exposure time the biofilms were not
affected by either heat shock or antibiotics alone, but when combined these treatments had

a substantial effect on the biofilm population.

One potential contribution to the synergism is the increased transport of the
antibiotics through the EPS in the presence of heat. Some antibiotics such as
aminoglycosides like tobramycin have been shown to have slow transport across the EPS,
while other antibiotics such as ciprofloxacin appear to have little transport limitation across
the EPS.®11%% This aligns with these results that ciprofloxacin was more effective against

the biofilms than tobramycin, with little to no effect seen from erythromycin. This trend
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also follows the molecular masses of the antibiotics closely which may influence the
diffusivity of the molecules based on their sizes. The limited duration of the elevated
temperature (1 to 30 min) compared to the overall exposure time (24 hr) suggests that this
contribution was limited, as the diffusivity should only increase about 50% according to
the Wilke-Chang diffusivity model.1®> Chemical reactions or physical adsorption of the
antibiotics by the EPS would also effectively limit their transport;%® however, the change
of antibiotics at the 4 hr point should increase the efficacy regardless of temperature and

that was not observed.

Many researchers have suggested that the limiting factor for antibiotic efficacy in
biofilms is not transport, but rather the low metabolism of many of the bacteria in the
biofilm.%! The decreased metabolism of bacteria based on their locations in the biofilm is
well documented®®145166 and likely contributes to the observed synergism in this study.
With little baseline metabolic activity, inhibition of replication or protein synthesis has
little consequence on bacterial viability, severely limiting the antibiotics’ efficacy in
biofilms. Thermal stimulation of metabolic activity would increase this efficacy
dramatically. This study supports this hypothesis and identified a temperature and exposure
time thresholds at which the metabolism increases. All antibiotics showed synergistic
efficacy at 70 °C for 1 min and at 60 °C for 5 min, with tobramycin also synergistically
effective at 50 °C for 30 min. Tobramycin can also cause bacteria wall damage!°6:167:168
which may increase its synergy with heat shock. A further implication of this hypothesis is
that heat shocks at those conditions without antibiotics may increase the activity of the

bacteria in the biofilm.
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In practice, it is unlikely that any biofilm infection therapy would be implemented
without concurrent systemic antibiotics. This study indicates that with these antibiotics in
combination with a heat shock treatment, biofilms may be eliminated at lower temperatures
and exposure times than previously observed, significantly reducing the damage to
surrounding tissue. Reduced heat shocks also require less heating power. With a decreased
demand for heating power a wirelessly heated coating via induction from an alternating
magnetic field would require a lower magnetic field strength and would improve the ability

to localize the field.
7.5. Conclusion

An elegant solution to biofilm infection and biofouling is the use of heat. However,
heat is not always a viable option at the needed high temperatures and exposure times to
kill the bacteria in the biofilm such as the case of an implanted device. This study showed
that the use of antibiotics in conjunction with heat can have a synergistic mitigation effect
against P. aeruginosa biofilms. Heat shocks of 70 °C for 1 min and 60 °C for 5 min, which
had no mitigation effect on their own, prompted a sharp decrease in biofilm population
density when combined with any of the three antibiotics with different mechanisms of
action, even at concentrations that have no effect on their own. While heat shock likely
does increase antibiotic transport through the EPS, the results of this study suggest
transport is not the limiting factor in antibiotic efficacy in these biofilms. More consistent
with these results is the theory that metabolic activity is severely limited in a fraction of
biofilm bacteria, and that heat shocks of 70 °C for 1 min and 60 °C for 5 min, or in some

cases, 50 °C for 30 min, will stimulate activity for antibiotic efficacy. This synergism
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significantly reduces the required thermal load and the negative impacts of this load on the

surrounding tissue and materials.
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CHAPTER 8: CONCLUSIONS AND RECOMMENDATIONS

Biofilms cause infections and biofouling in a wide range of scenarios from
implanted medical devices to industrial plants, spurring the development of many
innovative antibiofouling techniques. The use of a polymer coating containing
superparamagnetic iron oxide nanoparticles, or a SPION coating, is an elegant solution to
achieve wireless heating of a surface to mitigate a biofilm. The work done in this thesis
achieved a better understanding of how effective heat is against Pseudomonas aeruginosa
biofilms by investigating the required temperatures and exposure times to kill the bacteria
and the combined treatment with antibiotics for a variety of biofilms grown in different

growth conditions.
8.1. Drip Flow Reactor Grown Biofilm Thermal Mitigation

Biofilms grown in a drip flow reactor, DFR, were very high in population density
most likely due to the abundance of nutrients flowing over the biofilm, easier oxygen
exchange, and constant waste removal. The DFR biofilms’ high population counts allowed
for quantitative correlations of the degree of bacterial cell death to the shock temperature
and exposure time across the entire parameter space (50-80 °C and 1-30 minutes). When
the DFR biofilms were heat shocked they exhibited significant population reduction at
every point within the heat shock parameter space. The effect of the thermal shock on the
bacteria followed a modified Arrhenius dependence on temperature and a Weibull-style
relationship to the exposure time, as seen in Equation 3.3 and Equation 3.4. Various time
and temperature combinations resulted in similar population decreases, such as 60 °C for
30 minutes and 80 °C for 1 minute, allowing for different types of heat shocks to be applied
depending on which would be more beneficial for that application. For a polymer that
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cannot safely heat above 70 °C the lower temperature for a longer exposure time may be
desirable, while an implanted bone pin would want a shorter exposure time to the heat to
decrease the overall heat transfer to the body by minimizing the duration of heating. Up to
six orders of magnitude drop in viable bacterial cells in the biofilms were observed with

the thermal treatment, which appears to be a viable way to mitigate biofilms.
8.2. Analysis Tools

Two ways of analyzing the resulting bacteria after the heat shocks were
investigated, enumeration and microscopy. Sonicating the bacteria into a homogenous
suspension and then serially diluting this liquid and plating each dilution (i.e. enumeration)
provided a consistent set of results and is commonly used in the microbiology world.
However, these results did not show the biofilm morphology nor the spatial information
about the heat shock’s effect across the biofilm. Via confocal scanning laser microscopy
and dyes the morphology of the biofilms could be observed. It was found that the biofilms
grown in the DFR grew across the microscope slide surface with thicknesses from 50 um
to plumes up to 150 pum. The heat shocks did not kill just the outermost bacteria nearest
the heat source, but killed bacteria throughout the biofilm indicating that the heat transfer
limitations were negligible through these thin films. Two analysis techniques were used to
determine the amount of live bacteria after a heat shock via objective thresholding of the
microscope images and the results were not as consistent as the enumeration results.
Therefore, it was determined that serial dilution and plating was the most reliable way to
quantify the population reduction while using the confocal scanning laser microscope to

visually observe the biofilm morphology and bacterial viability after the heat shocks.
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8.3. Growth Condition Effects on Thermal Mitigation

The growth conditions of the biofilms greatly dictated the response the bacteria had
to the thermal shocks. For the bacterial biofilms grown in a DFR the bacteria had a fairly
steady decrease over a logarithmic scale while the biofilms grown on a shaker table were
more resilient to the heat treatment at the lower temperatures. The biofilms from the shaker
table had no significant difference (p < 0.05) whether they were heat shocked at 50 °C or
at their incubation temperature of 37 °C. The same was true for the shaker table-grown
biofilms heat shocked at 60 °C for 1 minute. This indicates that the biofilms grown on the
shaker table were more robust than the DFR-grown biofilms. The observed difference is
most likely due to the harder growth conditions that the shaker table-grown biofilms
experienced. These biofilms had a limited amount of nutrient, constant shear forces, no
removal of waste products, and were grown for 4 days. The harder growth conditions are
believed to be the cause of the difference in thermal susceptibility with the nutrient sources
having little effect since the different growth media showed only subtle differences in the
60 °C thermal shocks. However, at the higher temperatures, 80 °C and at 60 °C for 30
minutes, the biofilms had a consistent amount of viable cell reduction of at least five orders
of magnitude, more closely following the predictive model discussed in Chapter 3. This
indicates that for a more consistent mitigation the higher temperatures will provide a more
reliable treatment and if coupled with a shorter exposure time the surrounding tissue will

have limited damage from the heat.
8.4. Regrowth After Heat Shock

With the growth media showing little difference and the shaker table-grown

biofilms proving to be the hardest biofilms to kill the TSB shaker table-grown biofilms
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were regrown after the heat shock to determine the effects after the heat shock. The biofilms
were re-incubated from a heat shock and enumerated after 2, 4, 12, 24, or 96 hours of
regrowth time. The heat shocks investigated were 60 °C for 5 and 30 minutes, 70 °C for 5
minutes, and 80 °C for 1, 5, and 30 minutes since they had bacterial cell death post heat
shock What was observed was that the biofilms that had population density that decreased
to below 10° CFU/cm? did not grow back, in fact they failed to thrive while the biofilms
that did not decrease below this population density eventually grew back to the original
population. The regrowth study identified the 10° CFU/cm? as a threshold population
density below which a treatment would need to bring the population in order to be

successful.
8.5. Wireless Heat Treatment

Biofilms heat shocked via the SPION coating and an alternating magnetic field
proved to be similar to the results observed from water bath heat shocks indicating that the
source of the heat does not affect the results. Additionally, the wireless heating of the
biofilms proved that the SPION coating could be effective when used to mitigate a hard to
reach biofilm infection. A valuable observation found during these trials was the sensitivity
of the nanoparticle coating’s location to the local magnetic field strength. As the generation
of heat varies quadratically with the field strength and the population of surviving bacteria
vary logarithmically with the heat generation, small biofilm regions in a slightly weaker
field can change the overall population reductions achieved across the rest of the biofilm.
importance of the ratio between the coated surface length and the length of the alternating

magnetic field coil. The coated surface should be about half the length of the coil that is
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delivering the alternating magnetic field and should be placed centrally into the coil. This

will insure constant and reliable heating across the entire surface.
8.6. Combined Heat and Antibiotic Treatment

Three antibiotics were screened for their efficacy against both the biofilm and

155 159

planktonic bacteria. Ciprofloxacin'®> tobramycin'®, and erythromycin'®® are three
antibiotics typically effective against P. aeruginosa and thermally stable up to 100 °C. Each
of the antibiotics had a different mechanism of action and each were different in size with
ciprofloxacin being the smallest and erythromycin being the largest. When the biofilms
were treated with just antibiotics ciprofloxacin was the most effective followed by
tobramycin, with no effects observed with erythromycin treatments. The ciprofloxacin and
tobramycin could kill off much of the bacteria in the biofilm but would reach an asymptote
where they showed no difference in effect with increasing antibiotic concentration. The

high concentrations did show a large effect on the biofilms, however, these concentrations

far surpass the safe dosage levels for a patient.

The combined therapy of antibiotics with heat showed a significant improvement
of the treatment efficacy within a specific temperature and exposure time window. All three
antibiotics increased in their efficacy at 60 °C for 5 minutes and 70 °C for 1 minute. At
these two points neither heat nor antibiotics on their own had an observable effect;
however, together they had up to six orders of magnitude decrease in viable cells post
treatment. Two theories were discussed as to the reasoning behind the synergism, increased
transportation of the antibiotics through the EPS in the presence of heat, or the increase in
metabolic activity of more dormant cells in the presence of heat. Increased diffusion when

systems are heated is a well-known process; however, not as likely to be a large factor
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when the thickness of the EPS is so small. Further into the biofilm, bacteria tend to take on
a more dormant state, decreasing their metabolism and division rates. Since most
antibiotics require binding sites from an active metabolic pathway or an actively dividing
cell the dormant cells are not affected by the antibiotics. It was concluded that the transport
limitation was not as likely to be a significant factor for the observed synergism as the
metabolism increase due to the behavior observed. This synergistic behavior will allow for
lower temperatures and shorter exposure times for patients currently on an antibiotic and

further increase the efficacy of the treatment by combining heat and antibiotics.
8.7. Recommendations
8.7.1. Effect of Shear on Biofilm Growth and Thermal Susceptibility

Shear stress has been shown to have a significant effect on biofilms?882147.169 gng
is physiologically inherent, especially for implants such as a heart stent, making it
imperative to study. Through flow cell studies the effect of shear on the biofilm’s growth
and therefore susceptibility to heat can be investigated along with the presence of a
convective heat sink which could greatly change the heating dynamics of the biofilm. There
is also the possibility that the bacteria may try and flee the biofilm into the cooler flow and
this potential can be observed via a flow cell experiment. An initial set of flow cell
experiments were conducted, but further investigation would elucidate the effects shear
stress may have on the biofilm and how that may change the effect heat has on the biofilm.
The flow cell was set up with insulated walls and an electroresistive heating coating made
of nichrome foil placed in the center of the floor of the flow cell. The biofilms were grown
on the coating in a DFR. The flow cell had water flowing through at 37 °C at 1 L/min, but

varying rates should be investigated. The outlet of the flow cell was collected to determine
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if any viable bacteria had been sheared off or dispersed. The biofilms were heated through
the substrate at 50 °C and 80 °C to determine the effect of heat when combined with a fluid
flow. As seen in Figure 8.1 the shear stress of the flow over the biofilm did remove quite a
few bacteria from the biofilm, most of which were viable, regardless of temperature.
However, the higher temperature, 80 °C did appear to cause more bacteria to disperse than
the other temperatures. This initial data set, however, requires more time and data

collection to have a thorough conclusion drawn.
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Figure 8.1: Initial Flow Cell Data on the Amount of Bacteria Lost During the Flow Cell
Experiments. Flow of body temperature water was run at 1 L/min over the biofilm while
its substrate was heated. Controls were heat shocks in the flow cell without any flow.
Further experiments conducted with temperatures of 50 °C, 60 °C, 70 °C, and 80 °C
along with controls of 37 °C should be conducted to get a better understanding of the effect
fluid flow may have on the biofilm. The use of thermistors placed throughout the biofilm
surface could give insight into where the heating is most intense and how the convective

flow of the media impacts the biofilm temperatures. It is hypothesized that some bacteria
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will leave the biofilm to go into the flowing 37 °C water as a means to escape the heat. To
determine the amount of bacteria disassociating from the biofilm solely from the heating
at lower temperatures, the flow cell should be run at similar speeds as the drip flow reactor.
It is hypothesized that since the biofilm was grown at these speeds, the shear stress will
have negligible effects on the bacteria and therefore eliminate that variable. Once the
amount of bacteria leaving the biofilm due to heating is determined, the synergistic effects
of heating and shear can be determined. The flow cell experiments should also be closely
monitored to determine convective heat sink potentials for any biofilm treatments that may
have a flow of liquids adjacent to it. It is hypothesized that with shear the biofilms will be
thinner and contain less bacteria making it more susceptible to the heat treatment. These
experiments will also indicate if fleeing bacteria from the biofilm will be a factor in the
treatment since they could cause a more systemic infection once they leave the biofilm. It
is also possible that if the bacteria flee the biofilm during the heating that the antibiotics
and the immune system will be able to be more effective against the infection since it will

then be in its more susceptible form, the planktonic state.
8.7.2. Regrowth

Chapter 5 discusses the regrowth of the shaker plate biofilms grown in TSB;
however, more information could be obtained from regrowth studies. Only one heat shock
was applied during the regrowth studies investigated and it is possible that the efficacy of
the heat treatments may change with repeated heat shocks. Multiple heat shocks may result
in more resistant bacteria to the heat since the remaining bacteria may become more adept
to the higher temperature environment. It is also possible that the repeated heat shocks may

yield a more effective result with the bacteria that did not die in the first treatment dying in
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the second treatment. The regrown biofilms did show a decrease in their growth rate after
the heat shock and the timing of a second heat shock in that slow regrowth time may be a
vitally important differentiation between success and failure for repeated heat shocks.
Therefore, investigations into the specific timing of a follow up heat shock may bring to
light more information about the effect of heat on the biofilms and how to best design a

treatment plan.
8.7.3. Wireless Heating

The wireless heating experiments seen in Chapter 6 were completed with
polystyrene polymers with iron oxide nanoparticles embedded into the polymer. Further
investigations into effective polymers will expand the potential use of this technology and
allow for the implementation of the most biocompatible coating. This could be further
investigated by measuring the retention of the polymer coating when in an animal and
through longevity trials. Additionally, the control of the wireless heating via the SPION
coating could be improved so that pulsatile heating could be applied to the surface. Pulsatile
heating may decrease the heat transfer to the surrounding tissue while effectively killing

the bacteria in the biofilm.
8.7.4. Analyze Bacterial Changes

The bacteria behavior is likely to have changed in the presence of heat as discussed
in Chapter 7. This change was hypothesized to be from the heat increasing the metabolism
of the bacteria and therefore increasing the efficacy of the antibiotics, however, this still
has to be investigated. The metabolism changes from the heat and antibiotic treatment
could be better understood using MTT and mass spectrometry analysis. MTT, 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide indicates the amount of metabolic
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activity of cells and could be used to determine the overall change in metabolic behavior.
Enzymes in viable cells will break down the MTT to formazan, thereby changing the color
of the wells from a yellow color to a purple color, this reaction can be seen in Figure 8.2.
The larger quantity of purple present indicates a larger amount of metabolically active cells.
This can be observed quantitatively via an absorbance plate reader at 570 nm with a
reference read at 630 nm. Initial trials of MTT were performed with 100 pL removed from
each well and 5 pL of MTT added to each well. The MTT was then left to be converted to
formazan for a determined amount of time and then the reaction stopped by adding 100 L.
of 0.04N HClI in isopropanol. Once the reaction was completed, the microtiter plates were
read in a plate reader at 570 nm and 630 nm. A percent viability can be calculated by
comparing to blank wells and control growth wells. It was found that the biofilm bacteria
have a slower metabolic rate so they need to be exposed to the MTT longer; this time

exposure was determined by creating an MTT exposure curve.
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Figure 8.2: Schematic of MTT Chemical Reaction. MTT breaks down to formazan
using the hydrogen group cleaved from an NADH in the mitochondria.
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It was found that just a half hour of exposure to MTT was efficient for the
planktonic bacteria, but very little of the MTT was converted to formazan for the biofilm
bacteria after a half hour, presumably due to slowed metabolic rates. Therefore, to get a
comparable amount of MTT conversion to formazan a set of time trials with biofilms
needed to be performed to determine the best conversion time for the MTT with biofilms.
This was conducted by allowing the biofilms to grow on the peg lid as described above and
then after rinsing and sonicating the bacteria into a recovery plate the bacteria were
transferred to another plate and diluted into a set of ten-fold dilutions. MTT was added and
the reaction stopped at different time intervals. Figure 8.3 shows the data collected for the

best MTT conversion trials.
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Figure 8.3: MTT Conversion to Formazan Timing Experiments for Biofilms. MTT was
allowed time to convert to formazan and then the reaction was stopped and the absorbance
read at 570 nm.

From the timing data collected, the time steps of 11 hours and 12 hours were singled

out since they showed the most distinction between one dilution to the next. Leaving MTT
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in the biofilm’s recovery plate for 12 hours resulted in the higher absorbance readings, but
maintained very similar trends seen in the 11 hour trials. The 11 hour trials had absorbance
readings closer to the planktonic readings at a half hour; therefore, a conversion time of 11
hours was used for the biofilm readings and a conversion time of a half hour for the
planktonic readings. Now that the MTT timing trial has been determined the effect of
overall metabolism changes can be observed for the heated trials, antibiotic trials, and the
combined trials. The observation of an increase in metabolism would support the
hypothesis that the heat is increasing the metabolism and therefore increasing the efficacy

of the antibiotics.

Another method that could be used to analyze the changes in the bacteria in the
presence of these treatments would be a combined analysis using high pressure liquid
chromatography, HPLC, and a dual mass spectrometry, MS/MS, approach. The
metabolites that are produced from the biofilm can be separated via the HPLC and more
thoroughly analyzed via a MS/MS to determine which metabolites are present and in what
quantities.3>179-13 Using the information gathered from these instruments a better
understanding of the reaction the bacterial cells are having, whether it is a decrease in
communication molecules, an increase in toxin production, or a number of other
possibilities, can be determined. This information will help guide the correct treatment to

decrease the toxin output from the bacteria while increasing the efficacy of the treatments.
8.7.5. In Vivo Trials

To better understand the potential of the SPION coating the coating should be used
in an animal model, starting with a mouse model, to better understand the effect of the

treatment in vivo and to ensure the efficacy of the treatment. The immune response,

147

www.manaraa.com



infection prevalence, amount of viable cells post treatment, and the effects of the implant
should all be studied to determine the overall efficacy of this biofilm treatment strategy.
Toxicity tests of the implant and its coating should be performed in vitro before any trials
in vivo to ensure minimum damage to the mouse and the host cells due to the foreign body’s
presence. Once a material is identified and the toxicity is known, a mouse model can then
be explored. Biofilms can be grown on implantable SPION coated coupons and placed into
neutropenic mice to ensure less variability in the experiments. The mice will need to have
several days of antibiotic treatment before implanting the device. Once implanted the
coating can be heated while the mouse is under anesthesia. Initial post treatment should
end with the mouse euthanized and the implant removed. The implanted device should be
sonicated and enumerated to determine biofilm viability post heat shock and the
surrounding mouse cells should be removed for histology measurements to determine the
necrosis and inflammation effects of the treatment and bacteria. This will elucidate the
effect of the heating on the surrounding tissue and determine if there are different

parameters that need to be met to move the technology to the clinical setting.
8.7.6. Investigate the Effects on Other Bacterial Species

All of the experiments investigated thus far and future research should be repeated
with other common bacteria found on implanted infections, such as Staphylococcus aureus,
Staphylococcus epidermidis, and Escherichia coli to better understand the effect of the
SPION coating treatment for a variety of potential biofilm forming species. The parameters
determined to be the best for P. aeruginosa indicated that the higher temperatures for
shorter periods of time may be the most effective treatment strategy and the experiments

done with the other bacterial species could concentrate primarily on those treatment
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strategies. Co-cultured biofilms, or biofilms composed of multiple species of bacteria may
result in very different treatment requirements and should also be heavily investigated for
a better understanding of the requirements needed for treating an infected implant device.
A good starting point would be to investigate the co-culture of P. aeruginosa and S. aureus
since most of the ground work on the P. aeruginosa biofilm has already been investigated

and S. aureus is one of the most common implant biofilm formers.
8.8. Closing Remarks

Biofilm infections on implanted devices lead to many complications such as
systemic infections that can cause the mortality of otherwise healthy individuals. These
individuals who develop a biofilm infection have very few options since biofilms are
resistant to antibiotics. Removal of the implant is the current procedure and includes
invasive surgery, loss of implant function during recovery, and twice the likelihood of
infection on the new implanted device. This billion-dollar problem in the U.S. causes
thousands of patients to suffer each year. Using a superparamagnetic iron oxide
nanoparticle coating on implanted devices will allow doctors to treat the implant wirelessly,
without invasive surgery, by using an alternating magnetic field to heat the surface, killing
the biofilm infection in situ. The results thus far have indicated that the biofilms should be
heated to a higher temperature for a short amount of time to thoroughly kill the bacteria
and minimize the damage to the surrounding host tissue. Combined effects of heat and
antibiotics have proven to be synergistic and can improve efficacy. The use of the SPION
coating technology can be utilized for other applications as well, such as pipes with

biofouling problems or improved ship hull cleaning to prevent cross sea contamination.
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Additionally, the knowledge of biofilms obtained in this work furthers the understanding

of biofilms and their thermal susceptibility from a variety of circumstances.
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APPENDIX

Iterative Selection MATLAB Code

[filename, path] = uigetfile('*.tif', 'Select the .tif files',

'MultiSelect', 'on');

% 'MultiSelect','on' allows you to select multiple files at once
Obviously with the uigetfile, the user is selecting all the files to

wants to include in the upload

% However, when using MultiSelect, MATLAB stores the filenames as
an array. Which means if you select 10 files, it will create a 10xl

cell

% array, where each cell (i,1) contains a filename. If you try to

select one file when referencing cell arrays, your program won't

% work. So if you do it this way, *ALWAYS SELECT MORE THAN ONE

FILE*

L = length(filename) ; % Alert user to number of files selected
offset=1;

prompt = ('Enter the name you wish to assign the Excel file which

\nwill store image data. For example entering "data" \nwill save as

data.xsls\n');

str = input (prompt, 's');

Efilename = strcat(str,'.xlsx');

K = {'Image', 'Threshold', 'Background Sum', 'Foreground Sum',

'Minimum', 'Maximum'};
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xlswrite (Efilename, K, 3) ;

offset=2;

set = ischar(filename); % Send through while loop if false send through

single pass if false

if set==

% Cycle through the different files in the array

for i=1:1:L

A = imread(strcat (path,filename{i}));

G=A;

J=A;

N
Il

min (min (A));

[
1

max (max (A)) ;

$Thresholding method

I=0; % Set initial value of moving index to zero

T=255; % Set upper limit to threshold

while I<=T

B=A>I; % B is logic matrix true/false 1/0 dependent upon

comparision to threshold

B)=0; % R ores A with only numbers greater than threshold
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H=G<=I; % H is logic matrix true/false 1/0 dependent upon

comparision to threshold

o)

J=G-A; % Overrides original matrix with only numbers less than

threshold

M

sum(sum(J))+1; % SUMM: (Nsubi*Isubi) BG

N = sum(sum(H))+1; % SUMM: (Nsubi) BG

O = sum(sum(A)); % SUMM: (Nsubi*Isubi) FG

av}
1

sum(sum(B)); % SUMM: (Nsubi) FG

=
1

(M/N + O/P)/2; % Calculates threshold

I = I+1l; % Increase moving index by one

end

T Sprints final value of T in command window

T = num2str (T); %$Convert float to string

[D, B] = strread(filename{i}, '%s %s','delimiter','.'); % The
original file name is stored as column A file extension is stored in

column B

imwrite (A, [filename{i} '-', T, '.tif']) % Writes new image upon

calculation of Threshold Value (T)

E=[D, T, N, P, Z, Y]; % Compiles values in preparation to write

as a row to excel file

x1lswrite(Efilename,E, 3, sprintf ('A%d',offset)); % Writes row to

excel

offset = offset + 1;
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end

else

% Cycle through when only a single image is selected

A = imread(strcat (path, filename)) ;

Z = min(min (A));

Y = max (max (A));

%$Thresholding method

I=0; % Set initial value of moving index to zero

T=255; % Set upper limit to threshold

while I<=T

B=A>I; % B is logic matrix true/false 1/0 dependent upon

comparision to threshold

A(~B)=0; % Restores A with only numbers greater than threshold

H=G<=I; % H is logic matrix true/false 1/0 dependent upon

comparision to threshold

J=G-A; % Overrides original matrix with only numbers less than
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M = sum(sum(J))+1; % SUMM: (Nsubi*Isubi) BG
N = sum(sum(H))+1; % SUMM: (Nsubi) BG
O = sum(sum(A)); % SUMM: (Nsubi*Isubi) FG

P = sum(sum(B)); % SUMM: (Nsubi) FG

T = (M/N + O/P)/2; % Calculates threshold
I = I+l; % Increase moving index by one
end

T Sprints final value of T in command window

T = num2str (T); %Convert float to string

[D, B] = strread(filename, '%s %s','delimiter','.'); % The original

file name is stored as column A file extension is stored in column B

imwrite (A, [filename '-', T, '.tif']) % Writes new image upon

calculation of Threshold Value (T)

E=[D, T, N, P, Z, Y]; % Compiles values in preparation to write

as a row to excel file

x1lswrite (Efilename,E, 3, sprintf ('A%d',offset)); % Writes row to

excel offset = offset + 1;

end

'End Program'
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