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Thesis Director: Dr. Michael Chikindas

The following thesis is composed of two chapters represented by two manuscripts. The
introduction chapter examines the challenges of biofilm-associated cells in the food industry
and in medical applications and novel methods for biofilm prevention through altering
genetic regulation. This chapter has been submitted for publication to The International
Journal of Microbiology. The second chapter is research conducted during graduate studies
that has been accepted for publication in Biofilms: Formation, Development, and Properties
published by Nova Science Publishers, Inc. The ability of a novel salicylic acid based poly
(anhydride ester) polymer (SA-PAE) to prevent biofilms in Salmonella typhimurium MAES2
was evaluated via cell enumeration studies, pH kinetics, and salicylic acid release kinetics.
SA-PAE was found to prevent biofilm formation in S. typhimurium MAES2 through
disruption of a bimodal nature in pH without significantly reducing cell population. Changes
in genetic regulation, reflected in the disruption of the bimodal pH, resulted in biofilm

prevention.
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Chapter 1: Intelligent control of biofilms through targeted antimicrobials: a short review of a
concept.1

" This chapter is submitted for publication in The International Journal of Microbiology. References cited
according to The International Journal of Microbiology specifications following the chapter.



Abstract

The growth of biofilms is a significant problem within the healthcare and food
industries. The characteristic resistance of biofilm-associated communities of
microorganisms confers persistent survival that is somewhat challenging to address. There
are several approaches that are recognized in combating biofilms: 1) physical and/or
mechanical removal; ii) chemical removal; iii) use of antimicrobials in combination with (i)
and/or (i1) to kill planktonic cells, and prevention of biofilm formation. Biofilms can be as
much as a thousand times more resistant to these approaches than planktonic cells. For this
reason, the use of novel methods to prevent biofilm formation is an advance in controlling
biofilms instead of the conventional treatment with antimicrobials and disinfectants. In this
review, different approaches to the prevention of biofilm formation are discussed and
compared. The methods that focus on altering genetic regulation of biofilm formation offer
promising targets which will ultimately lead to the prevention of planktonic cells’ transition
into biofilms, thus leaving them more susceptible to stress factors such as disinfection, etc.
The prevention of biofilm formation can significantly reduce microbial contamination in both

the medical and food industries.

Biofilms: a brief introduction

A biofilm is defined as a community of microorganisms networked within an
exopolysaccharide (EPS) matrix with a distinct architecture. This EPS architecture serves
both structural and protective functions. It forms channels that facilitate the transport of
nutrients, enzymes, metabolites, and disposal of waste products within and outside of the

biofilm matrix [6, 12, 56, 57]. This architecture is essential in terms of supporting the needs



of a multi-cellular biofilm, allowing for each individual cell’s requirements to be met in order
to sustain viability. In addition to the EPS, there are proteins, nucleic acids, peptidoglycan,
lipids, phospholipids, and other cell components present in the matrix of biofilm communities
[57, 65]. These components of the EPS and subsequent layers of cells can retard the
penetration of antimicrobials, in addition to facilitating the transfer of nutrients in and waste
products out of the biofilm structure [51, 55, 57]. As a result of these characteristics, the EPS
matrix confers properties in biofilm-associated communities distinct from their planktonic

counterparts.

Biofilms: a cause for concern in medical and food industries

In recent years, biofilms and the complex challenge of their eradication in medical
and food industries have been studied in great depth. Biofilms are problematic in water and
sewage treatment facilities, causing metal corrosion, increased contamination of products,
decreased quality of water, and reduced efficacy of heat exchangers [8, 43, 65]. In many
cases, biofilms irreversibly attach to processing equipment and can thrive in high flow
systems [34]. The biofilm-associated cells within the biofilm structure permanently attach to
processing surfaces and require abrasive removal techniques including scraping and/or harsh
chemical disinfectants such as chlorine [43]. Moreover, biofilms existing within these
facilities serve as reservoirs for contamination on production lines, potentially creating a

health hazard to the community [14, 68].

Biofilms are often responsible for nosocomial infections and chronic illnesses. In
many cases, biofilm-related infections are not resolved by antibiotics and persistently

reoccur. Chronic respiratory illnesses associated with cystic fibrosis (CF) patients are a



major example of biofilm-driven infections [9]. Pseudomonas aeruginosa, a common
biofilm-forming opportunistic pathogen, can lead to lung damage in both CF and immuno-
compromised patients [52]. Other persistent illnesses such as chronic bacterial prostatitis,
endocarditis, and otitis media are caused by biofilms [16]. Moreover, biofilms are heavily
implicated in oral diseases such as dental carries, periodontitis, and denture stomatitis, a
condition in which mucosal lesions are formed within the mouth [16, 39]. Furthermore,
biofilms colonize medical devices causing recurring or persistent health problems. Biofilms
also develop on urinary catheters, prosthetic heart valves, endotracheal tubes, surgical
sutures, orthopedic devices, contact lenses, and dentures [13, 16, 55]. Persistent infections
related to biofilm-populated medical devices lead to discomfort and inflammation which
requires removal or replacement of the contaminated devices. In turn, removal of biofilm-
infected medical devices endangers the patient’s health and creates additional costs through

medical treatments and procedures.

Furthermore, biofilms have been attributed to food-borne illnesses [23, 30]. Biofilms
can cause premature biofouling in dairy and other processed foods as well as form on the
surfaces of poultry and meat products [1, 28, 30, 53]. The presence of these pathogens can
cause cross-contamination of processing equipment, leading to widespread production and
post-production contamination that can reach the consumer [30]. Outbreaks related to the
consumption of fresh produce such as spinach, onions, lettuce, tomatoes, etc. have been
linked to surface colonization by pathogenic biofilm-associated bacteria [4, 7, 22]. The
survival of pathogens on raw fruits and vegetables are directly related to the presence of
biofilms on the produce surface. Biofilms “offer” the attachment, protection, and resistance
qualities essential to ensure the survival of pathogens during harvest, transport, production,

and distribution [4, 7, 22]. The ability to form biofilms is common for major foodborne



pathogens such as Escherichia coli, Listeria monocytogenes, Salmonella spp. and
Campylobacteria jejuni, and remains a significant safety challenge within the food industry

[7, 18, 40, 69].

The medical and food industries provide diverse niches for colonizing bacteria where
biofilms can thrive. Ultimately, the “goal” of biofilm-associated microbial communities is to
survive and prosper in the conquered environment, which can also be used as a foundation
for future expansions. In general, the common problem for industries is the ability of
biofilms to resist disinfection and stress factors. The challenge of removing biofilms formed

within these settings has yet to be resolved, although many methods have been pursued.

Biofilms and persistent resistance to disinfection

The major challenge of biofilm removal is addressing their increased resistance to
disinfection. Biofilms can be between 100-1000 times more resistant to antibiotics and
disinfecting agents than planktonic cells [52, 55]. It has been well established in the
literature that biofilm-associated cells have increased resistance to antimicrobials and
disinfectants compared to free-living cells. Moreover, even though biofilms are frequently
treated with antimicrobials, these methods do not often result in efficient or successful
disinfection. As a consequence, biofilms unavoidably release planktonic cells that can cause

a systemic infection.

Salmonella biofilms are exceedingly resistant to the commonly used disinfectant,
triclosan, than planktonic cells [58]. Furthermore, cellulose biosynthesis genes (the genes

responsible for biosynthesis of the major EPS component cellulose) are up-regulated in



Salmonella typhimurium biofilms. This indicates that a shielding effect provided by the EPS
may enhance resistance in biofilms by restricting antimicrobial permeability. Although the
EPS is a major factor in contributing to the resistance of biofilms, it is important to
acknowledge that there are other factors that may influence resistance Salmonella
typhimurirum biofilms. Salmonella typhimurirum biofilms up-regulate cellulose biosynthesis
genes and marA and acrA, two genes involved in the production of broad-spectrum efflux
pumps [58]. Furthermore, biofilms produce an increased amount of persister cells [34].
Persister cells exist as a minority population (approximately 1% of the population in
stationary phase) within a cell culture with a slow growth phenotype [35]. Persister cells are
a unique type of altruistic cell that down-regulate transcription of energy production and
biosynthetic genes [35]. As a result of this phenotype, persister cells absorb compounds
slowly and are able to survive in high concentrations of toxic substances. This phenomenon
enhances tolerance by protecting persister cells from antibiotics that target actively dividing

cells and the production of proteins to block antimicrobial target binding [35].

Biofilms are not effectively killed by common methods in food preservation such as
heat, acidification, and exposure to ethanol compared to planktonic cells [28, 29, 50].
Kubota et al. [28] demonstrated resistance in three strains of food spoilage lactic acid
bacteria treated with ethanol and acetic acid, two commonly used food preservatives. They
report lactic acid bacteria biofilms as being resistant to 30% and 40% ethanol solutions
whereas planktonic cells were beneath the detection limit. Additionally, biofilms are more
resistant to 11% acetic acid solution as compared to planktonic cells [29]. Not only do
biofilms display increased resistance to food preservatives, but also have increased
production at suboptimum growth temperatures [45]. This presents a risk to the widely

popular ready-to-eat and frozen foods.



As mentioned previously, biofilms are resistant to biocides such as triclosan,
benzalkonium chloride and chlorhexidine gluconate, which are commonly used on surfaces
[19, 50, 52, 58]. Smith and Hunter [52] performed a study on methicillin-resistant
Staphylococcus aureus (MRSA) and P. aeruginosa comparing the effectiveness of these
biocides in planktonic and biofilm-associated cells. MRSA biofilms were greater than 100
fold more resistant than planktonic cells and P. aeruginosa biofilms were not effectively
reduced [52]. Resistance to biocides contributes to the problem of contamination of medical

equipment and poses a subsequent health hazard to the patient.

Biofilms are also resistant to many antibiotics including ampicillin, tetracycline,
penicillin, erythromycin, and chloramphenicol [21, 37]. Furthermore, E. coli biofilms were
up to 50 times more resistant than planktonic cells to the antibiotics amikacin, ceftriaxone,
and tobramycin [21]. Generally, the use of antibiotics to treat biofilm-related infections does
not result in successful cures. Instead, persistent infections are a common outcome, causing
significant discomfort and illness. Patients are forced to seek different courses of antibiotic

treatments with little success [9].

Prevention of biofilm formation through blocking initial attachment

The prevention of biofilm formation is not a novel concept. The method of
preventing bacterial adhesion to reduce infection through targeting a microbe’s ability to
attach to surfaces and host tissues has been reviewed in great detail by Ofek et al. [42].
Preventing bacterial adhesion can be addressed in a variety of ways, including the

development of receptor blocks, inhibiting bacterial adhesion, and molecules that mediate



binding through the recognition of signal molecules on surfaces [3, 23, 42, 64]. Receptor
blocks and/or inhibition of signal recognition molecules may alter ligand-receptor binding,
preventing the bacterial recognition of a surface. Without the crucial step of surface binding,
the first colonization of biofilms could not occur. Moreover, the use of polymer coatings
may inhibit cell interaction with surfaces and release antimicrobials to prevent microbial
attachment. The advantages and disadvantages of the aforementioned methods are discussed
in subsequent sections of this review. The goal, of course, is to find and optimize the
solution(s) that will most efficiently inhibit biofilms and prevent the selection of resistant

mutants.

The blocking of initial bacterial attachment is an attractive approach because it can
prevent initial biofilm colonization as well as the subsequent infection produced by biofilm-
released planktonic cells. Cell recognition of surfaces is mediated by carbohydrate-receptor
recognition between the cell and various surfaces [3, 42]. After a ligand’s recognition of a
receptor, initial adhesion is followed by complex colonization. This recognition can start a
cascade leading to development of elaborate biofilm structures. Once a biofilm is established
within the complex EPS architecture, resistance properties make removing the biofilm
difficult to accomplish. Bacteria have genes coding for many types of adhesion factors that
can interact with a variety of surfaces for primary attachment [42]. For this reason, treatment
by one anti-adhesion method would not be sufficient. Moreover, expression of carbohydrates
and cell surface ligands can be regulated differently depending on environmental conditions.
This creates more variables within this mechanistic approach to block initial attachment, and,

therefore, makes it more challenging [42].



Another approach to inhibit bacterial adhesion is through the use of “passive”
polymer coatings [23, 60]. A “passive” polymer coating limits bacterial attachment to
surfaces through altering the surface chemistry without the use of antimicrobial components.
In this approach, the polymer coating interferes with bacterial adhesion through prevention of
surface binding. For this reason, this method is rather attractive for use with medical devices.
Although “passive” coatings may serve as a novel approach to address the biofilm problem
on artificial medical devices, limited success has been achieved so far due to attachment

variability between different strains [23].

Prevention of biofilm formation through development of active polymer coatings

The varied degree of success of “passive” polymer coatings to effectively prevent
biofilm formation has lead to the development of active polymer coatings. An active
polymer coating has a two-pronged attack, both altering surface chemistry of a device and
offering the release of select antimicrobial substances that can be chemically linked to the
polymer. These antimicrobial substances are then free to interact with the planktonic cell
population which may result in a reduction or cessation of biofilms. Active polymer coatings
can be designed to release a variety of antimicrobials such as antibiotics, bacteriocins, metal

ions, or plant extracts [11, 15, 17, 25, 31, 36, 44, 49, 70, 72].

The use of active polymer coatings reduces biofilms through releasing antimicrobials,
which act against both biofilm-associated cells and planktonic cells. DiTizio et al. [15]
demonstrated the use of ciproflaxin-loaded liposomal hydrogels to prevent P.aeruginosa
biofilms. Catheters coated with these hydrogels were able to resist bacterial colonization

after exposure for seven days. A significantly lower bacterial presence was recovered from
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the supernatant (10> CFU mL™") than the initial inoculum of 10’ CFU mL". This indicates
that planktonic cell death was the likely mechanism of biofilm prevention [15]. Similarly,
Curtin and Donlan [11] studied the use of hydrogels coated with bacteriophage, viruses that
infect bacteria, to prevent Staphylococcus epidermidis biofilm formation. There was an
approximate 4.5 log reduction of initial S. epidermidis biofilms which was significantly lower
(P<0.0001) than the control (approximately 7 log) after being treated with the bacteriophage
hydrogel coating. Infection via phage successfully killed planktonic cells, significantly

reducing the biofilm mass.

Targeted release of active polymers for biofilm control and prevention

Active release polymers offer a continuous release of antimicrobials. However, they
do not deliver a targeted release which limits their efficacy. General (uncontrolled) release
from an antimicrobial-loaded polymer provides short bursts of extremely high concentrations
of the antimicrobial component which can be hundreds of times higher than the microbial
MIC. This principle does not create sustained release that is targeted to the area requiring
antimicrobial release. Targeted release polymers provide accessible antimicrobials available
at critical time-points during biofilm development. For extensive review of other systems of
antimicrobial delivery including microencapsulation spheres, films, coatings, and
antimicrobial-loaded polymers see review written by Balasubramanian et al. [2]. The
development of controlled release polymers results in the delivery of antimicrobials under
specific parameters (i.e. via changes in temperature, ultrasound pulsation, pH, ion
concentration, etc). Chemical linkages can be tuned to degrade under environmental

conditions that would favor biofilm development.
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Norris et al. [41] demonstrated the controlled release of ciproflaxin from poly(2-
hydroxyethyl methacrylate) hydrogels using ultrasound to control P.aeruginosa biofilms. In
this model, timed ultrasound pulses facilitate the release of ciproflaxin from a hydrogel,
releasing approximately 800 times the planktonic cells’ MIC. Biofilms were not significantly
prevented by using ciproflaxin hydrogels without the use of ultrasound pulses. After the use
of ultrasound pulses, distinct structural differences were observed in biofilms. Moreover, the
biomass and average biofilm thickness significantly decreased (P<0.05) after this treatment.
Control biomass measurements of 5 pm*/um* were reduced to <1 pm’/um? and the control
average thickness decreased from 8 pm to <1 um, respectively. Although biofilms were
significantly reduced in this study, it is worth noting that ultrasound pulsation disrupts
biofilms which may enhance the release of viable planktonic cells. Whereas biofilms
naturally allow cells to detach from the matrix, a greater release of viable planktonic cells
may promote systemic infection. A better strategy of targeted release is attained through
polymeric design. Erdman ef al.[17] describe controlled delivery of an antimicrobial through
rising levels of pH. Degradation studies of salicylic acid poly(anhydride esters) show that the
polymeric compound is stable in acidic conditions (pH of 3.5) for 90 days. Conversely, in
basic conditions (pH of 10.0) there is a rapid degradation of the polymeric backbone resulting
in total degradation after 38 hours [17]. In these conditions, the antimicrobial is released
without increasing release of planktonic cells from the biofilm structure. Furthermore, the
degradation parameters can be designed for applications (i.e. food packaging systems,
coatings on medical devices, etc) to be released during specific conditions that are species-

specific.
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Novel approaches to biofilm treatment

Furthermore, other novel biofilm treatments have been developed to reduce biofilms
through killing planktonic cells [38, 54, 61, 71]. Steczko et al. [54] demonstrated the
efficacy of a catheter lock solution (CLS) against planktonic and biofilm-associated cells.
The novel CLS had synergistic effects against S. aureus, E. coli, and P. aeruginosa.
Moreover, this solution killed E. coli and P. aeruginosa planktonic cells in 0.5 and 2 hours,
respectively. Furthermore, the CLS killed biofilms in one hour. This novel treatment has
positive implications for both biofilm prevention and treatment; however, the authors
acknowledge that the CLS may be inappropriate for use against resistant bacteria strains.
Furthermore, the use of nanotechnology has become an effective weapon in the arsenal for
biofilm reduction. Taylor and Webster [61] describe the use of y-Fe,O; superparamagnetic
iron oxide nanoparticles. They report that generated hydroxyl radicals can depolymerize
polysaccharides, cause breaks in DNA, and inactivate enzymes which could compromise the
architecture of a biofilm’s EPS matrix. They also describe that these nanoparticles can

disrupt cell membranes, causing planktonic cell death.

Other studies have pursued biofilm prevention through the use of antimicrobial
agents to kill planktonic cells. This method reduces or completely prevents biofilm
formation through killing planktonic cells. Although it may seem like this is not a distinction
that should be made, the use of high levels of antimicrobials may enhance biofilms’ future
resistance properties through selection of resistant mutants. Various studies have discussed
prevention of biofilms through targeting planktonic cells and reported varied degrees of
success ranging from a very modest reduction in viable biofilm communities to complete

elimination of all bacterial life present [11, 15, 25, 31, 36, 38, 41, 43, 49, 54, 61, 63, 70-72].
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Biofilm prevention through planktonic cell death: friend or foe?

Although the delivery of lethal antimicrobial doses can be accomplished in different
ways, the mechanism of limiting bacterial colonization through planktonic cell death is
essentially the same. It is important to emphasize that throughout the literature, the term
“biofilm prevention” can be misleading. Some authors use this term to describe the
prevention of planktonic cells transitioning into multicellular behavior without significantly
affecting the planktonic cell population count. Conversely, other authors use the term
“biofilm prevention” to illustrate the eradication of both biofilm-associated cells and
planktonic cells. It may seem as if this is a distinction that should not be made. However, it
should be noted that studies where planktonic cell numbers are significantly decreased do not
offer insight into the intelligent control of biofilm formation. Moreover, they do not present
a long-term solution to this challenge. Methods in which planktonic cells are killed are not
suitable for novel treatments of existing biofilms due to the aforementioned selection
advantage of resistant cells. Biofilm prevention treatments that do not significantly reduce
the planktonic cell population effectively remove the threat of biofilm colonization and offer
a high probability of disinfection. The intelligent control of biofilms lies in understanding the

regulation of genes that promote the transition into biofilms.

In all the previous examples of biofilm prevention, the authors explore killing
planktonic cells to reduce the formation of biofilms. Most methods result in a modest
reduction of biofilm-associated cells, leaving some partial biofilms to survive with the same
resistance properties and pathogenic characteristics of intact biofilms [11, 41, 60, 62, 70].
There were a few studies, however, that completely removed biofilms by drastically reducing

planktonic cells population beneath the threshold necessary to form a successful biofilm [15,
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37]. It should be noted that the presence of planktonic cells, no matter how seemingly

insignificant, may result in re-colonization of biofilms if the right conditions are met.

Prevention of biofilms without significant reduction of planktonic cells population

The prevention of biofilms through altering planktonic cell transition is an ideal way
to control the formation and accumulation of biofilm-associated cells. The exposure to
biofilm-preventing stress factor(s) essentially turns off the “biofilm trigger” that promotes
multi-cellular development. Recent studies have included the use of quorum sensing
inhibitors, plant-derived non-steroidal anti-inflammatory drugs (NSAIDs), and molecules
secreted by bacteria [5, 20, 26, 27, 48, 64]. Another study elucidated the use of
poly(anhydride ester) polymers with chemically linked salicylic acid (SA-PAE), a plant-
derived antimicrobial, built into the backbone [20]. These SA-PAE polymers are active-
release substances that degrade, subsequently releasing salicylic acid (SA) as pH rises to
alkaline conditions [17]. The authors observed biofilm prevention of Salmonella
typhimurium MAES2, a Gram-negative rod that forms biofilms at the liquid-air interface,
over the course of 48 hours. During these experiments, the planktonic cell population did not
significantly deviate from the total biofilm population, indicating that released SA was
responsible for a global regulatory change affecting the ability to transition into biofilms [20].
Other work studied the prevention of biofilms without significant planktonic cell death. For
example, Janssens ef al. [26] and Brackman et al. [5] each used quorum sensing inhibitors to
reduce biofilm formation. Quorum sensing is prokaryotic cell-to-cell signaling using
diffusible signal molecules. Quorum sensing has been linked to controlling bacterial

swarming and the development of biofilm architecture [24, 62]. Each of the quoted research
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groups noticed biofilm reduction without significantly reducing the planktonic cell

population through targeting quorum sensing systems.

Another study observed biofilm inhibition through the use of a soluble capsular
polysaccharide excreted by E. coli CFT073 [64]. When the sterilized supernatant of this
organism was introduced into an E. coli culture (strain MG1655F”), planktonic viability was
unaffected and no biofilms were formed [64]. Upon further investigation of this supernatant,
K2 serotype group II capsule polysaccharide, involved in ABC-dependent export, was found
to be the component responsible for reduction of biofilms in MG1655F” as well as other
biofilm-forming bacteria (E. coli, Klebsiella pneumoniae, P. aeruginosa, S. aureus, S.
epidermidis, and Enterococcus faecalis). Furthermore, 39 E. coli strains possessing this
polysaccharide also inhibited biofilm formation without affecting growth rate. After the gene
responsible for expression of K2 serotype group II capsule polysaccharide, kpsD, was
mutated, biofilm inhibition was completely eliminated. Moreover, kpsD mutants displayed
an increased biofilm phenotype indicating that strains carrying this polysaccharide may self-
inhibit biofilm formation. In a similar study, Kolodkin-Gal et al. [27] observed B. subtilis
biofilms lost their integrity after 6 days of incubation. Eight day old filter-sterilized
supernatant was added to freshly inoculated B.subtilis culture, resulting in prevention of
biofilms [27]. Upon examination of the supernatant, D-tyrosine, D-leucine, D-tryptophan,
and D-methionine were found to be responsible for preventing nascent biofilms and
disassembly of existing biofilms. Furthermore, S. aureus and P. aeruginosa cultures were
unable to form biofilms in the presence of D-tyrosine and the D-amino acid mixture (D-
tyrosine, D-leucine, D-tryptophan, and D-methionine) [27]. Incorporation of these secreted
molecules in a targeted delivery system may have great potential in preventing biofilm

formation in food packaging and on artificial medical devices.
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The role of c-di-GMP signaling in biofilm formation

Within a biofilm community, there are several levels of messenger molecules. A
common second messenger produced in response to quorum sensing is cyclic diguanylate (c-
di-GMP). C-di-GMP is produced by diguanylate cyclase with GGDEF motifs [46, 59, 62].
In addition to the repression of motility and virulence factors, high concentrations of c-di-
GMP stimulate biofilm formation through the production of EPS and curli fimbriae [10, 46,
47,59, 62]. Low concentrations of c-di-GMP, supported by the degradative activity of
phosphodiesterases, cleaves c-di-GMP, resulting in expression of virulence and motility
while suppressing biofilm formation [47]. Furthermore, c-di-GMP increases the production
of EPS through protein binding. For example, in Acetobacter xylinus, c-di-GMP increases
cellulose production through binding the PelD protein, a c-di-GMP receptor in P. aeruginosa
PA14 [33, 62]. Cellulose is the major EPS produced in S. typhimurium biofilms and has a
similar c-di-GMP mechanism [6, 32, 33, 73]). Ueda and Wood [62] elucidated the regulatory
cascade of c-di-GMP and biofilm formation. Their results indicate that after activation
through quorum sensing, TpbA (tyrosine phosphatase related to biofilm formation) is
produced, which inactivates the GGDEF protein, TpbB. The inactivation of TpbB then
reduces the production of c-di-GMP thereby decreasing the expression of the pel operon and
the production of EPS. As a biofilm starts developing, the “pioneer” cells that initially
attach to the surface have high concentrations of c-di-GMP in a developing biofilm which
results in surface-attached (sessile) cells. Cells moving towards the top of a developing
biofilm have a lower concentration of c-di-GMP and are able to swim and coaggregate as

colonization progresses [46, 47].
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C-di-GMP signaling seems to regulate whether bacteria will exhibit acute infection
(low c-di-GMP levels) or persistent infections characteristic of biofilms (high c-di-GMP
levels) [10, 47]. Bacteria introduced into a favorable environment will produce low levels of
c-di-GMP where they can maintain a virulent phenotype, producing an acute infection. If the
environment is unfavorable, levels of c-di-GMP will rise, suppressing virulence genes and
promoting biofilm formation. It may seem as if control of c-di-GMP signaling may not be an
ideal target due to its expression of virulence genes when biofilm formation is inhibited.
However, the swift treatment of antimicrobial-susceptible virulent bacteria is an easier
challenge to address than a persistently-resistant biofilm-associated infection. Although
biofilms are not inherently acute in nature, they serve as repositories that release virulent
cells, producing severe infections. Due to the release of planktonic cells, infections will
inevitably reemerge. Targeting c-di-GMP may be an effective way to prevent the initial
colonization of biofilms, as well as the potential problem of a persistent repository of the
infection. It is important to note that the subsequent expression of virulence genes would
inevitably occur in the presence of low concentrations of c-di-GMP and patients would
require immediate treatment. However, the planktonic cells are more susceptible to antibiotic

treatment than fully mature biofilm-associated infections [21, 37, 52, 55].

It should be noted that there are multiple genes involved in c-di-GMP metabolism
which are abundant throughout bacterial cells [47]. This makes targeting the c-di-GMP
signaling system difficult. Romeling and Simm [47] report that Gram-positive bacteria have
less c-di-GMP metabolizing enzymes which may be useful in prevention of Staphylococcus
biofilms. Furthermore, c-di-GMP receptors can be blocked through the development of

target molecules to impede effector proteins triggered by c-di-GMP signaling.
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Understanding the bacterial transition to biofilms

A useful approach to understanding the mechanisms of biofilm cessation is the
observation of physiological changes that occur during biofilm formation. These normal
growth conditions can give an indication of what genes may be a potential target to
investigate. The release of salicylic acid induces physiological eftects reflected by pH
changes in the biofilm-forming enteric pathogen S. typhimurium MAES2. In the absence of
salicylic acid, S. typhimurium MAES2 had a bimodal nature in pH [20]. A “bimodal” pH
nature is defined as an initial decrease in pH followed by a marked increase. These results
confirmed a similar bimodal curve reported by Wilson et al. for S. typhimurium LT2 [66].
The bimodal pH of Salmonella can be explained through the source of carbon metabolized
during the course of growth. When a culture is grown in fresh media, there is an excess of
sugars that are the preferred nutritional source of bacteria. As the bacteria rapidly metabolize
glucose, the pH becomes increasingly acidic due to the conversion of sugar into acetic and
lactic acid metabolites. As glucose becomes depleted, a metabolic switch to the utilization of
amino acids is necessary to sustain the microbial cells’ requirements. The subsequent
breakdown of amino acids creates an alkaline environment, explaining the existence of the
bimodal pH curve observed during normal physiological conditions for S. typhimurium
MAES?2 [67]. After treatment with SA-PAE, the pH was acidic for the remainder of the
culture incubation, indicating that pH may be an important physiological cue during biofilm
formation. It is possible that the release of SA is affecting a global regulatory system that is

influencing the disruption of the bimodal pH, and, subsequently, cessation of biofilms.

To prevent biofilm formation without inducing a selective pressure to resistant

phenotypes, it is of the utmost importance to find global regulatory targets. The following



19

section discusses possible regulatory targets to stop the “conversion” of planktonic cells into
biofilm-associated cells. Once appropriate targets are found, combinations of controlled

release methods can be further explored.

Conclusion

Biofilms remain a significant concern in the medical and food industries. The
ubiquity of strains able to form biofilms with inherent resistance properties is a compelling
force behind research for a solution better than over-saturation of disinfectants and
antimicrobials. The development of intelligent-design strategies using compounds that
prevent biofilm formation through altering genetic regulation are promising strategies. A
targeted and controlled release of biofilm-inhibiting compounds is yet another step in
combating biofilms. Combination approach(es) of biofilm prevention and stress factors (i.e.,
antibiotics, disinfectants, etc.) would hopefully solve the “biofilm problem” experienced in
the medical and food industries as well as offer new insights into multicellular microbial

communities.
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Abstract

The effect of a slow-released natural antimicrobial, salicylic acid (SA), was tested on
biofilm formation in Salmonella typhimurium MAES2. Glass coverslips coated with
poly(anhydride) ester with salicylic acid built into the polymer backbone (SA-PAE) were
used to study the release of SA during polymer degradation. S. typhimurium MAES2 was
found to follow bimodal pH kinetics when cultured in initially-neutral BHI medium (pH 7.2),
with the formation of biofilms occurring after 12 hours of incubation. Continuous release of
SA from SA-PAE coverslips resulted in a disruption of the pH profile and prevention of
biofilm formation. The controlled release of SA over time influenced cellular functions (i.e.
metabolism), reflected in the disruption of the bimodal pH. While future research is
necessary to elucidate how cellular regulation is affected during exposure to salicylic acid,
the delivery of salicylic acid through a degradable polymer shows great potential in the

prevention of biofilm formation.

Introduction

Biofilms are complex populations of microorganisms. These communities of cells are
organized through an exopolysaccharide matrix made of complex carbohydrate-rich
polymers and other macromolecules such as DNA, RNA, and proteins (Sutherland, 2001;
Branda et al., 2005). Biofilms aggregate as multicellular communities on virtually any
surface. The complex architecture of biofilm-associated matrices provides enhanced
resistance to multiple stress factors and allows for the influx of nutrients, water, and small
signaling molecules that in turn provide effective communication and signaling between the

cells (Watnik & Kolter, 2000; Tarver, 2009).
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Biofilms continue to be a persistent problem in medicine through the contamination
of medical devices including prosthetic joints, artificial heart valves, and contact lenses.
These medical device-attached biofilms may serve as a repository for pathogens ultimately
leading to chronic infections such as endocarditis, dental caries, cystic fibrosis pneumonia,
periodontitis, and bladder infections (Marsh, 2004; Behlau & Gilmore, 2008). Moreover,
biofilms are a cause in concern within the food industry. Biofilms are responsible for the
biofouling of dairy and meat products (Kumar & Anand, 1998) and the contamination of
processing equipment. The presence of biofilms within food processing facilities results in
post-production contamination, tainted food reaching the consumer, and a significantly

shorter product shelf life (Kumar & Anand, 1998).

Typically, biofilms have an increased resistance to disinfectants and antibiotics,
making their eradication from these environments challenging. The intrinsic properties of
biofilms allow for the use of different mechanistic approaches to counteract antimicrobials.
Biofilm communities show reduced diffusion rates, increased efflux and enzymatic
degradation of antimicrobials (Nikaido, 1994; Kumar & Schweizer, 2005). Furthermore, a
sturdy EPS matrix hinders the penetration of antimicrobials to the internal biofilm
microorganisms, accounting for the increased resistance in these communities (Mah &
O’Toole, 2001). In addition, cells incorporated within biofilms have resistance to specific
antimicrobial substances that are lost when planktonic cells are removed from the biofilm
matrix. According to Tabak et al. (2007), Sa/monella cells incorporated within biofilms have
a higher resistance to the antimicrobial triclosan than planktonic cells removed from the
biofilm matrix. A controlled delivery of antimicrobials to a developing biofilm has potential

to prevent planktonic cells from transitioning into a resistant biofilm form.
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The development of degradable polymers with therapeutic agents built into the
polymer has the potential to deliver a drug as it is continuously degraded (Erdmann &
Uhrich, 2000). The natural antimicrobial, salicylic acid (SA), is built into a
poly(anhydride)ester backbone which yields free salicylic acid as it is degraded, allowing this
antimicrobial to interact with a microorganism continuously over time (Erdmann & Uhrich,
2000). This time-controlled, slow release of an antimicrobial has the potential to target
production of biofilms as they form. The steady release of salicylic acid has the potential to
deliver a sufficient amount of stress to allow for efficient control of non-desired

microorganisms.

Salicylic acid, the active component of aspirin, is also referred to as a nonsteroidal
anti-inflammatory drug (NSAID). NSAIDs are attractive to use as they are analgesic,
antipyretic, and anti-inflammatory in nature. Salicylic acid is a plant metabolite that has an
integral role in plant defense against pathogens and has demonstrated antimicrobial activity
against microbial pathogens such as Heliobacter pylori (Wang et al., 2003; Halim et al.,
2007). Moreover, salicylic acid is capable of preventing the attachment of Staphylococcus
epidermidis biofilms to polymeric cathedras and of attenuating the virulence of

Staphylococcus aureus (Polonio et al., 2001; Kupferwasser et al., 2003).

Wilson et al. (2003) reported that Salmonella has a bimodal pH which increases as
cells reach the end of log phase and subsequently drops during stationary phase. Previously,
it was shown that salicylic acid released from poly(anyhydride)ester polymer into the
microbial environment prevents biofilm formation in Salmonella typhimurium MAES2

(Rosenberg et al.,2008). In this chapter we investigate the physiological changes associated
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with biofilm formation in S. typhimurium MAES2 in the presence of a time-controlled release

of salicylic acid and the resultant changes in pH and the kinetics of salicylic acid release.

Materials and Methods

Poly(anhydride-ester) synthesis and formation of polymer-coated glass coverslips

Poly[1,6-bis(o-carboxyphenoxy)-hexanoate] was prepared using previously described

methods (Prudencio, Schmeltzer and Uhrich, 2005; Rosenberg et al., 2008).

Preparation of salicylic acid polymer-coated glass coverslips for microbiological assay

Coated and uncoated glass coverslips were sterilized under the Fotodyne, Inc. (New
Berlin, WI, USA) ultraviolet (UV) light for 2 minutes. Coverslips were subsequently

transferred into sterile 24 well plates using sterile forceps.

Culture Preparation

Salmonella serovar typhimurium MAES2 (Scher et al. 2005) was streaked onto Brain
Heart Infusion (BHI) agar (Becton Dickinson & Co., Sparks, MD) and incubated at 37°C for
24 hours. The following day a single colony was transferred into 4.5mL of BHI broth (BD)
and incubated at 37°C overnight. The ODg of the overnight culture was recorded using a
BioRad Smart Spec 3000 spectrophotometer prior to inoculation. Sterile Falcon 24-well
plates (Becton Dickinson Labware; Becton, Dickinson and Company, Franklin Labs, NJ,

USA) were used to grow biofilms. Two hundred pL of S. typhimurium MAES2 overnight
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culture diluted to 10° CFU ml™” and 1.8 mL of BHI broth with an initial pH of 7.2-7.3 were
added to the experimental wells. For controls, 2 ml of BHI broth were used in the designated

wells. The inoculated 24-well plates were incubated at 37 °C with gentle agitation as

described previously (Tabak et al., 2007).

Plate Count

Each experiment was performed twice in triplicate, with 500 pL samples collected at
predetermined hourly time points (0, 5, 8, 12, 24 and 48 h). To break biofilms for the cell
enumeration, the biofilms were placed into 4.5 ml of saline containing approximately 15-20
sterile 3 mm glass beads (Fisher Scientific; Pittsburgh, PA, USA) and vortexed for 2 minutes.
Subsequently, the samples were serially diluted in BHI broth to obtain a countable range, and

100 pL were plated in triplicate.

Sample Preparation for pH and Salicylate Measurement

At each time point, the supernatants were collected and the cells were removed by
centrifugation (Hermle Z400K; LabNet, Woodbridge, NJ, USA) at 1500 g (25°C). Then,
0.45 um syringe filters (Nalge Nunc International, Rochester, NY, USA) were used to
sterilize the supernatant. Salicylate concentrations and pH measurements were subsequently

determined.
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Quantification of Salicylate Concentration

The Immunalysis Salicylates Direct ELISA Kit (Immunalysis Corp.; Pomona, CA,
USA) protocol was followed with a few modifications. The Salicylates ELISA kit-supplied
salicylate standard was diluted using a 50% ethanol (v/v) solution to a range of 0-100 pg ml™
for the standard curve measurement. The supplied salicylic acid standard was diluted ten
times while experimental samples were diluted to fit into a target absorbance range.

Standards and samples were diluted using BHI broth (pH 7.2).

Statistical Analysis

Each experiment was performed at least twice in triplicate. Student’s #-test was used
to calculate the difference between replicates to determine significance between time-points.

P values of < 0.05 were regarded as significant.

Results

Disruption of a bimodal pH prevents biofilm formation by Salmonella typhimurium

MAES2

In order to determine the influence of a slowly-released antimicrobial on biofilm
formation, S. typhimurium MAES2 cells were grown in the presence and absence of salicylic
acid-based poly(anhydride ester) (SA-PAE) polymer fixed on glass coverslips. In addition,
the effect of the control-released salicylic acid (SA) on environmental pH during biofilm

formation was studied. The growth of S. typhimurium MAES2 and pH changes were
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elucidated in BHI broth at an initial pH of 7.2. In the absence of SA-PAE, visible biofilms
were formed at the liquid-air interface after 12 hours of incubation, during the early
stationary growth phase. The pH kinetics were recorded for 48 hours of incubation and
revealed their bimodal nature (Fig. 1A). Under these conditions, a “bimodal nature” is
defined as an initial decrease in pH followed by a subsequent increase to a value higher than
the initial. During 12 hours of incubation, the medium pH decreased significantly (P<0.01)
from 7.2 to its lowest point of 5.6. Subsequently, the pH started to rise until it reached its
highest point of 8.6 at 48 hours of incubation. There was no significant pH change for the
remainder of the experiment (Fig. 1B).

In the presence of the slowly-released SA, there was also a significant (P<0.01) decrease in
pH to 5.2 after 12 hours of incubation, and there was no significant change in the pH for the
remaining time of the experiment (Fig. 1B). Therefore, the bimodal nature of the pH was
disrupted in the presence of released SA and there was no biofilm formation, despite the

presence of a sufficient number of cells in the environment (as compared to Fig 1A).

SA release from SA-PAE coverslips is pH dependant

Previously, Erdmann & Uhrich (2000) reported the complete degradation of the SA-
PAE polymer in alkaline (pH 10.0) and neutral (pH 7.0) phosphate buffer saline after 38
hours and 90 days of exposure, respectively. In acidic (pH 3.5) phosphate buffer saline, SA-
PAE remained stable with no significant SA release over 90 days of exposure (Erdmann &
Uhrich, 2000). The SA-PAE polymer was tested in sterile (control) and S. typhimurium
MAES52-inoculated BHI borth at acidic (6.2), neutral (7.2), and alkaline (8.5) pH’s, all of
which allowed for microbial growth. The presence of SA was evaluated at pre-determined

time points using the Immunalysis Salicylates Direct ELISA. There was no instantaneous SA
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release observed in either the presence or absence of Salmonella cells. Alkaline BHI broth
stimulated SA release, with 87.7 pg mL™" of free SA observed after 5 hours of incubation. In
neutral and acidic BHI, however, SA release was not observed until 8 (6.3 pg mL™") and 24
(4.7 pg mL™) hours of incubation, respectively, suggesting a greater level of polymer
stability in these conditions. Throughout the predetermined time-points, alkaline BHI
stimulated a significantly greater release of SA than acidic and neutral conditions (Fig. 2A;
P<0.05 or P<0.01 indicated by * and **, respectively), confirming Erdmann & Uhrich’s

previously reported results for the phosphate buffer system.

A similar trend in the dependency of SA release on initial pH was observed in the
presence of Salmonella cells (Fig. 2B). In this case, acidification of the BHI broth caused a
significantly lower (P<0.01) release of SA compared to neutral and alkaline conditions at all
observed time-points. In non-inoculated BHI broth (pH 6.2) there was a detectable amount of
SA observed only after 24 and 48 hours of incubation (4.7 pg mL™" and 15.9 pg mL™,
respectively). Conversely, acidic BHI inoculated with MAES2 cells had a significantly
greater (P<0.01) SA release observed at the same time points (179.9 pg mL™" and 384.0 ug

mL™, respectively).

The presence of released SA (6.3 pg mL™) in neutral pH (7.2), non-inoculated BHI
broth was first observed after 8 hours of incubation. Conversely, in the same medium, a ten-
fold higher presence of SA (62.5 png mL™") was detected in the supernatant of MAES52 culture
after only 5 hours of incubation. Furthermore, in the presence of S. typhimurium MAES2
cells a significantly greater release of SA (P < 0.05) into a neutral pH BHI broth was
observed at all time-points as compared to the non-inoculated control. The highest

concentration of SA in the supernatant was detected at 48 hours of incubation in both the
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control and inoculated BHI broth samples (122.6 pg mL™" and 681.2 pg mL™', respectively).
When SA-PAE was exposed to BHI broth with an initial pH of 8.5, the greatest amount of
SA release was observed both in the presence and absence of MAES2 cells. The control and
inoculated samples had an initial release of SA of 87.7ug mL™" and 293.2ug mL™,
respectively, at 5 hours of incubation. The greatest amount of SA released was seen in
inoculated alkaline BHI at 48 hours of incubation (1356.6 pg mL™) with the control having a
significantly lower (P<0.01) SA release (853.0ug mL™). In all initial pH conditions tested,
BHI broth inoculated with MAES2 cells had a significantly higher (P<0.01) release of SA

than in their respective control samples (Figs. 2A and 2B).

Conclusion

To the best of our knowledge, this is the first study showing that the addition of
control-released salicylic acid (SA) prevents biofilm formation by Salmonella while
disrupting the bimodal nature of pH kinetics. During cultivation in BHI broth with no added
antimicrobial, the S. typhimurium growth medium reached its lowest pH value of 5.6 after 12
hours of incubation. Subsequently, biofilm formation was observed with a concurrent
increase of pH to 8.6 at 48 hours of incubation. A decrease in the medium’s glucose
concentration was detected along with a pH shift to acidic levels (data not shown). The
major metabolite produced by Sal/monella is acetic acid; it has been found to be the main
contributing factor to pH lowering in the course of the microorganism’s growth in liquid
culture (Wilson et al., 2003). With glucose depletion, Sa/monella switches to an amino acid
metabolism which results in a pH increase (Wilson et al., 2003; Wolfe, 2005). Previously,
Wilson et al. (2003) reported Salmonella typhimurium LT2 displayed a bimodal pH

corresponding to rapid glucose metabolism followed by the switch to an amino acid
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metabolism. These findings indicate that biofilm formation can be attributed to the

availability of nutrients, which is reflected in a bimodal behavior of pH.

After addition of SA-PAE to inoculated BHI broth, a controlled release of SA into the
microbial environment was observed. In the presence of SA, the pH reached its lowest value
by hour 12 of incubation and did not change significantly (P<0.05) over 48 hours of total
incubation time. The amount of SA present in the supernatant detected at each time-point
was added to uninoculated BHI broth to see if SA was solely responsible for the disruption of
the bimodal pH. The addition of SA did not significantly reduce the pH to values seen in the
presence of S. typhimurium cells (data not shown). These results suggest that SA induced

metabolic changes in the cells, reflected in disruption of the bimodal pH.

We determined the minimal inhibitory concentration (MIC) of SA for MAES?2 cells
grown in BHI broth as 337 pg mL™". Controlled release of SA from SA-PAE at pH 7.2 did
not significantly reduce the cells’ viability, although the final concentration of SA at 48 hours
of incubation was approximately 2 folds higher than the determined MIC. The slow release
of SA influenced cellular metabolism which resulted in prevention of biofilm formation;
however, it was not responsible for significant cell death. Previously, Chi-Zhang et al.
(2002) reported similar results in L. monocytogenes, where low concentrations of an
antimicrobial peptide, nisin, efficiently controlled microbial growth in comparison to 5-fold
higher concentrations slowly released into the microbial environment. Similarly, our
Salmonella cells gained tolerance to the continuous release of SA while at the same time

became incapable of biofilm formation.

SA-PAE polymer degrades rapidly in alkaline pH and remains stable in acidic and

neutral pH phosphate buffer (Edmann & Uhrich, 2000). To investigate if the SA-PAE would



37

have the same kinetics of SA release in BHI media, SA-PAE coverslips were tested at acidic,
neutral, and alkaline pH levels. Unlike the findings in phosphate buffer, when placed in BHI
broth the SA-PAE polymer degraded in all environmental pH conditions; however, alkaline
BHI promoted a more efficient release (P<0.01) of SA in comparison to acidic and neutral
BHI (Fig. 2A). To study the effect of cellular metabolism on SA release, SA-PAE coverslips
were tested in inoculated BHI broth. In acidic, neutral, and basic pHs, SA release into the
culture medium was significantly (P<0.05) higher than into uninoculated medium. The
higher concentrations of SA in the supernatant can be attributed to the action of cellular

metabolic products capable of enhancing the breakdown of the SA-PAE polymer.

Based on the changes observed in microbial physiology, we speculate that cells may consume
SA. However, there are no data published on the effect that bacterial metabolism has on
environmentally-present SA. The slow, controlled release of SA may have affected the
regulation of certain gene(s,) making cells incapable of biofilm formation. These gene(s)
may become future targets for a specific antimicrobial design aimed at the prevention of

biofilm formation.
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Suggestions for future studies

The previous manuscript, investigated the effect of salicylic acid released from a
poly(anhydride ester) polymer on biofilm formation in Salmonella typhimurium MAES2 in
an in vitro study. This research can be expanded to investigate the changes of mRNA during
key time-points to elucidate the actual changes of genetic regulation occurring during the
disruption of bimodal pH and cessation of biofilm formation. Moreover, the investigation of
the physiological components that causes the manifestation of the bimodal pH in S.
typhimurium MAES?2 (i.e. glucose, amino acid, and acetic acid concentrations). In addition
to this, examination of other important biofilm-forming species (Escherichia coli,
Pseudomonas aeruginosa, Listeria monocytogenes, Staphylococcu aureus, etc.) should be
investigated to see if the effect of the drug-delivery system is the same and/or the species
displays similar physiological aberrations (i.e. bimodal pH during biofilm formation).
Furthermore, more practical applications can be investigated including simulations of
medical device coatings such as cathedras and/or application of coatings into a food

packaging system.
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Appendix 1 Figure legend

Fig.1. Controlled release of salicylic acid disrupts biofilm formation and bimodal pH

kinetics of S. typhimurium MAES2 grown at initial pH of 7.2.

Closed circles indicate cell numbers (CFU mL™) and open circles indicate pH value. Fig. 1A
represents the control: growth of S. typhimurium MAES2 and pH changes with no
antimicrobial present in BHI broth (initial pH of 7.2). Time at which biofilm formation
started is indicated with an arrow. Fig.1B illustrates the growth of S.typhimurium MAES2

and disruption of bimodal pH in the presence of released salicylic acid (SA).

Fig.2. Increased release rate of salicylic acid from SA-PAE is dependant on an increase

of medium pH.

The amount of SA released (ug mL™) in BHI broths with initial pH values of 6.2 (acidic), 7.2
(neutral), and 8.5 (alkaline) are indicated by white, gray, and striped bars, respectively. Fig.
2A represents the amount of SA released in non-inoculated (sterile) BHI medium after 0, 5,
8, 12, 24, and 48 hours of incubation. SA release at alkaline pH was significantly higher
(P<0.05 indicated by * and P<0.01 indicated by **, respectively) than in acidic and neutral
media through time-points 5 - 48. There was no significant SA release observed in the media
with neutral and acidic initial pH until after 8 and 24 hours of incubation, respectively.
Fig.2B represents the amount of SA released in BHI medium inoculated with S.
typhimurium MAES2 after 0, 5, 8, 12, 24, and 48 hours of incubation. After 5 hours of
incubation, significant release of salicylic acid (** indicates P<(.01) was detected in acidic,
neutral, and alkaline BHI broths for all time-points. SA release was significantly higher
(P<0.01) in BHI broth inoculated with S. #yphimurium MAES2 (Fig 2B) than in non-

inoculated medium (Fig 2A).
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