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New Therapy Approach Against E.coli ST131 Infection: Nanoparticle
Based Targeted Antimicrobial Agents

ABSTRACT

Escherichia coli (E.coli) ST131 is a globally disseminating high risk clone associated with
multidrug resistance and failure of antimicrobial therapy. There is an urgent need for alternative
approaches to treat E.coli ST131 infections. Our aim was to design a SPION (Super
Paramagnetic Iron Oxide Nanoparticle) based drug delivery system targeting E.coli ST131
clone.

In this study, we studied on a quinolone resistant uropathogenic E.coli ST131 isolate to assess
the efficacy of targeted delivery system. Polyacrylic acid (PAA) coated SPIONs were
synthesized by dissolving FeCl, and FeCls salts in deoxygenated water and coating SPIONs
with PAA. Nanoparticle size was 33.2 nm. After characterization of the particles regarding
hydrodynamic and crystal size, zeta potential for surface charge and stability, SPIONs were
conjugated with mannoside analog (4-aminophenyl a-D-mannopyranoside) to target fimH
adhesin of E.coli ST131. Subsequently, ciprofloxacin was attached to the SPION-Mannoside
complex. Specific interaction and antibacterial activity of delivery system were examined on
planktonic and sessile cells of E.coli ST131 isolate by using growth inhibition, confocal
imaging, and scanning electron microscopy (SEM) techniques. Furthermore, photothermal
therapy (PTT) was applied at power of 1150 mW for ten minutes in combination with SPION
exposure.

SPIONs at 25 pg/ml concentration (alone or conjugated with mannoside) did not cause
significant growth inhibition both on planktonic and sessile cells of E.coli ST131. The mean
colony count of E.coli ST131 planktonic cells after incubation with SPION and SPION-
Mannoside were 2.26x10'2 and 9.89x10** CFU/ml, respectively while it was 1.22x10'? CFU/ml
in control culture. In biofilm, incubation with mannoside conjugated 25 pg/ml SPION resulted
in 1.55x10'° CFU/mI mean colony count while SPION and control cultures revealed 2.04x10°
CFU/ml and 7.76x10° CFU/mI bacterial growth, respectively. Confocal microscopy indicated
more specific and enhanced attachment of SPION-Mannoside particles to the surface of E.coli
ST131 compared to SPION alone. However, the SPION particles were seen accumulated on
biofilm surface and did not penetrate inside the biofilm matrix.

After conjugation of ciprofloxacin to SPION-mannoside, the delivery system did not cause a
significant reduction in growth of planktonic and sessile cells (log change in mean CFU/ml
lower than 2-log). The mean colony counts of planktonic cells were 1.70x10%° and 4.32x10%?
CFU/ml at ciprofloxacin-mannoside conjugated SPION and control cultures, respectively. In
biofilm, incubation with ciprofloxacin-mannoside conjugated SPION resulted in growth of
1.66x10%° CFU/mI mean colony count while it was 3.24x10° CFU/ml for control. PTT
application did not enhance the efficiency of delivery system. No significant decrease in
bacterial growth was observed.

SPION based targeted therapy is a unique and promising approach to treat persistent E.coli
ST131 infections. Our future goals are to integrate quinolone derivatives and efflux pump
inhibitors to our mannoside conjugated SPION cargo system.



OZETCE

Escherichia coli (E.coli) ST131 ¢ok ilaca direngli ve yiiksek riskli bir klon olup antibiyotik
tedavisine yanitt kisithidir. E.coli ST131 enfeksiyonlarinin tedavisinde antibiyotiklerin etkisiz
olmasi nedeniyle yeni tedavi yaklasimlarina ihtiya¢ vardir. Bu ¢aligmada amacimiz, E.coli
ST131 klonunu hedefleyen SPION (Siiper Paramanyetik Demir Oksit Nanoparcacik) destekli
bir antimikrobiyal ilag tagima sistemi tasarlanmasidir.

SPION destekli kargo sisteminin aktivitesi kinolon direngli tiropatojenik E.coli ST131 izolati
tizerinde incelenmistir. Polimer ve Nanopargacik Arastirma Laboratuvarinda sentezlenen
Poliakrilik asit (PAA) kaplamali SPION pargaciklar, FeCl, ve FeCls tuzlarinin oksijeni
uzaklastirilmig suda ¢oziilerek sentezlenmis ve karakterizasyonu yapilmistir. Par¢acik boyu
33.2 nm olarak ayarlanmistir. Karakterizasyon esnasinda pargacigin kristal biiylikligi, yiizey
yiik dagilimi ve kararlilig1 6l¢iilmiistiir. Daha sonra SPION’larin E.coli ST131 FimH adhesin
molekiilinii hedeflemesi i¢in, parcaciklar mannozid analogu olan 4-aminofenil o-D-
mannopiranozid ile baglanmistir. Hedefe yonelik ilag salinimi modelininin tasarimi igin SPION
pargaciga mannozid konjugasyonunun ardindan siprofloksasin eklenmistir. Sentezlenen
parcgaciklarm E.coli ST131 hiicre duvarina spesifik baglanmalari ve antibakteriyel etkinlikleri,
planktonik hiicreler ve biyofilm iizerindeki tiremeyi inhibe edici etkileri, konfokal mikroskobisi
ve elektron mikroskobu (SEM) ile morfolojileri ¢alisilarak arastirilmistir. Sonraki asamada
SPION inkiibasyonuna ek olarak planktonik hiicreler ve biyofilmlere 1150 mW gii¢ ile on
dakika boyunca fototermal terapi (FTT) uygulanmuistir.

SPION pargaciklar 25 pg/ml konsantrasyonda (tek veya mannozid ile konjuge) E.coli ST131
planktonik ve biyofilm hiicrelerinde iiremeyi inhibe etmemistir. SPION ve SPION-Mannozid
icin ortalama koloni sayilar1 planktonik hiicrelerde sirasiyla 2.26x10'? ve 9.89x10'! KOB/ml
olarak bulunmus, kontrol kiiltiiriinde 1.22x10'? KOB/ml iireme olmustur. Biyofilmde ise 25
pg/ml mannozidle konjuge SPION ile ortalama 1.55x10° KOB/mI iireme olmus, tek basia
SPION ve kontrol kiiltiirlerinde sirasiyla 2.04x10'° KOB/ml ve 7.76x10° KOB/mI iireme
saptanmistir. Konfokal mikroskop analizinde mannozid konjuge pargaciklar tek bagina SPION
pargaciga kiyasla E.coli ST131 bakteri yiizeyiyle daha spesifik ve daha kuvvetli bir etkilesim
gostermistir. Biyofilmde ise pargaciklar biyofilm yiizeyinde daginik olarak izlenmis ve
pargaciklarin biyofilm matriksine penetrasyonu bulunmamistir.

Mannozidle konjuge SPION pargaciga siprofloksasin eklenmesi ile planktonik ve sesil
hiicrelerin tiremesinde anlamli bir inhibisyon bulunmamustir (ortalama KOB/ml degerlerinde 2-
log ve tizeri azalma). Planktonik hiicrelerde ortalama koloni sayisi siprofloksasin eklenmis
SPION-Mannozid parcacikta ve kontrol kiiltiiriinde sirastyla 1.70x10%° ve 4.32x10'2 KOB/ml
olarak bulunmustur. Biyofilmde siprofloksasin ekli parcacik ile inkiibasyon sonrasi ortalama
koloni sayis1 1.66x10*° KOB/ml iken kontrol kiiltiiriinde bu deger 3.24x10° KOB/ml olarak
saptanmistir. FTT uygulamasi kargo sisteminin etkinligi izerinde bir etki gostermemis ve lazer
151n1 maruziyeti bakteri tiremesinde inhibisyona neden olmamustir.

SPION destekli hedefe yonelik tedavi, E.coli ST131 klonuna bagl enfeksiyonlarin tedavisi i¢in
Ozgiin ve umut vaat eden bir yontemdir. Bu ¢alisma kapsaminda ileriye yonelik hedeflerimiz,
mannozid konjuge SPION kargo sistemine kinolon tlirevi molekiillerin ve efluks pompa
inhibitorlerinin entegre edilmesi olarak belirlenmistir.
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1. INTRODUCTION

1.1. Escherichia coli infections

Escherichia coli (E.coli) are gram negative species which belong to Enterobacteriaceae family.
They are part of human intestine flora and may cause extraintestinal infections including
respiratory, urinary tract infections and sepsis. There are also pathogenic E.coli that cause
diarrhea which are classified regarding toxin production. These are Shiga toxin-producing E.
coli (STEC), Enterotoxigenic E. coli (ETEC), Enteropathogenic E. coli (EPEC),
Enteroaggregative E. coli (EAEC), Enteroinvasive E. coli (EIEC) and Diffusely adherent E.
coli (DAEC).

E.coli ST131 has recently become a worldwide threat which causes urinary tract and
bloodstream infections (Lopez-Cerero et al., 2014). Its prevalence changes from 30% to 60%
in different regions (Dalhoff, 2012). Worldwide distribution of ST131 clone is represented in
Figure 1.1 from 2013.
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Figure 1.1: Global dissemination of Escherichia coli ST131 clone (2013). Red stars indicate
isolates producing Extended Spectrum B-Lactamase (ESBL) enzymes, and blue stars indicate
fluoroquinolone-resistant, non-ESBL-producing isolates. Adapted from Nicholas-Chanoine et
al. (Nicolas-Chanoine, Bertrand, & Madec, 2014)



Our previous findings have shown that 12% of the urinary tract and 16% of the bloodstream
infections were due to E.coli ST131 (Can et al., 2015; Can, Kurt-Azap, Nurtop, et al., 2016).
Severity of E.coli ST131 infections is obvious since treatment failure is three times more
common in these infections (Can et al., 2015). Another study from Canada examined E.coli
isolates that caused bacteremia and showed that ST131 clone had a higher risk to cause

community acquired infections and urosepsis (Pitout, Gregson, Campbell, & Laupland, 2009).

There are several reports regarding the rapid dissemination of ST131 clone. A recent study from
Korea demonstrated that 49.1% of bacteremia was caused by ST131 clone (Kim et al., 2017).
Treatment options are diminishing rapidly as this clone is highly associated to resistance to

various antibiotics as well as harboring various virulence factors.

1.2. Multidrug resistance in E.coli ST131 infections

Discovery of antibiotics was a revolutionary therapeutic approach to treat infections and played
a vital role to control infection-related drawbacks of surgeries, organ transplantations or cancer
therapies (Munita & Arias, 2016). However, this revolution has appeared as a crucial threat for
today’s world since frequent and uncontrolled use of antibiotics caused increased antibiotic
resistance. Bacteria are able to acquire resistance via several mechanisms such as efflux of
antibiotic molecules, point mutations or horizontal gene transfers, modification of lipid
membrane and synthesis of antibiotic dehydrating enzymes (Munita & Arias, 2016).

Multidrug resistance is defined as resistance to antibiotics in three or more classes (Magiorakos
et al., 2012). In our previous study in 2015, multidrug resistance of uropathogenic E.coli was
found as 74% in ST131 clone while it was 31% for non-ST131 isolates (Can et al., 2015).
Another study from United States reported the multidrug resistance as 62% in ST131 clone
(Kanamori et al., 2017). According to European Center for Disease Control (ECDC) report,
approximately 20% resistance was recorded to different antibiotic classes in 2017 (Figure 1.2).



Resistant (R} isolates proportion
(%)
el

25-=50%:

Figure 1.2: Combined resistance map of E.coli to 3rd generation cephalosporins,

fluoroquinolones and aminoglycosides. Adapted from ECDC Surveillance Data (ECDC, 2017)

ST131 isolates show higher resistance to beta-lactams and quinolones compared to non-ST131
isolates. Can et al. recorded the ceftriaxone resistance as 93% as for ST131 isolates while 47%
for non-ST131(Can, Kurt-Azap, Ispir, et al., 2016). Another study showed that 75% of the
ST131 isolates were quinolone resistant whereas only 8% was resistant in non-ST131 group
(Johnson, Porter, Thuras, & Castanheira, 2017). Extended spectrum beta-lactamase production
was significantly higher in ST131 isolates (60%) compared to non-ST131 (19%) (Can et al.,
2015). In our previous study, regulatory gene marA (multiple antibiotic resistance region) and
efflux pump contributor gene acrA were found to be significantly overexpressed in E.coli
ST131 clone compared to non-ST131 isolates (Atac et al., 2018).

1.3. Virulence of E.coli ST131

Pathogenic E.coli harbor several virulence factors regarding adhesins, endotoxins, hemolysis
and iron uptake mechanisms in order to protect themselves from environmental factors.
Tarchouna et al. studied uropathogenic E.coli isolates to characterize seven virulence genes
encoding cytotoxic necrotizing factor (cnf), hemolysin (hly), aerobactin (aer), pili associated
with pyelonephritis (pap), S and F1C fimbriae (sfa and foc), afimbrial adhesins (afa), and type
1 fimbriae (fimH). Findings revealed 68% prevalence of fimH and 41% prevalence for pap in

uropathogenic strains (Tarchouna M., 2013).

Harboring several virulence factors and multidrug resistance phenotype makes ST131 a high
risk clone of E.coli. Our group previously demonstrated that presence of virulence genes related

to adhesion, protection from environmental factors, iron uptake and toxin production (iha,



kpsMTII, iut and sat, respectively) were significantly higher in ST131 clone (p<0.001) (Can,
Kurt-Azap, Nurtop, et al., 2016). Another study from 2017 revealed the higher prevalence of
iha and sat genes in ST131 isolates (Johnson et al., 2017).

1.3.1. Fimbrial attachment

ST131 clone is distinguished from other clones since it harbors a modified fimbrial structure
(FimH) to adhere on surfaces (Totsika et al., 2011). Evolutionary process of ST131 sub-clones
can be seen in Figure 1.3 and are classified with respect to mutation variation of fimbrial
structures. ST131 isolates are able to bind either onto surfaces or bladder via lectin-like FimH
structure and once adhered, urinary infection is triggered (Krachler & Orth, 2013; Mydock-
McGrane, Hannan, & Janetka, 2017). A subclone of ST131, H30, harbors a structurally altered
type | fimbriae which is defined by allele 30 via Multi-Locus Sequence Typing (MLST)
analysis and defined as a more virulent pathogen. Altered fimbrial structure of ST131 promotes
adhesion of bacteria onto catheter surfaces and chronic urinary infections. In one study, 38.2%
for community acquired urinary tract infections and 26.7% for hospital acquired infections were
due to ST131 (Torres et al., 2017).
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Figure 1.3: Stepwise evolution of E.coli ST131 and H30 sub-clone. Adapted from Pitout et al.
(Pitout & DeVinney, 2017)




1.3.2. Biofilm formation in E.coli ST131

First step of E.coli biofilm formation is fimbrial attachment either to catheter surfaces or bladder
tissue and schematic demonstration is shown in Figure 1.4. Once attached, bacteria excrete
exopolysaccharide matrix which acts as a protecting shield for bacteria. Adhesion of bacteria
and biofilm formation on these catheter surfaces limit antibiotic therapies since antibiotic
molecules cannot efficiently penetrate through this polysaccharide matrix. This provides the
perfect setting for the positive selection of resistant bacteria (Geilich, Gelfat, Sridhar, van de
Ven, & Webster, 2017).
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Figure 1.4: Attachment of non-type | and type | fimbriae on catheter and bladder tissue.
Adapted from Staerk et al. (Staerk, Khandige, Kolmos, Moller-Jensen, & Andersen, 2016)

There are different findings for biofilm formation of ST131 isolates. Clermont et al. recorded
high biofilm formation of E.coli isolates on glass surfaces (Clermont et al., 2008) but Novais et
al. has contradicted to these results since they have shown low biofilm forming capacity of
E.coli within 96-well plates (Novais et al., 2012). Another study found that biofilm formation
in ST131 isolates protected the isolates from high dose antibiotics (Kudinha et al., 2013).
However, recent findings clarify that biofilm formation in E.coli isolates is highly method and
medium dependent (Naves et al., 2008; Sarkar, Vagenas, Schembri, & Totsika, 2016).



1.4. Treatment of ST131 infections

Virulence factors, especially modified FimH, resistant phenotype and rapid dissemination of
ST131 isolates makes this clone highly pathogenic and causes inefficient therapy. Can et al.
reported that treatment failure of urinary infections is associated with ST31 clone (Can et al.,
2015). Furthermore, Sarkar recently reported that type | fimbriae enhances ST131 colonization

and thus leading to persistent infections (Sarkar et al., 2018).

Due to problems in treatment of ST131 with current antibiotics, there is a need for alternative
therapy approaches. Rather than antibiotics, new treatment options such as such as inhibition

of virulence factors and efflux pumps have recently been investigated.

1.5. Alternative antimicrobials for treatment of E.coli ST131 infections

1.5.1. Inhibition of fimbrial attachment

Rapid increase to antibiotic resistance prevents efficient antibiotic therapy and therefore, new
therapeutic options other than antibiotics are desperately needed. In this manner, studies
regarding inhibition of bacterial binding to specific receptors by antibacterial peptides, blocking
the quorum sensing mechanism or conjugation of antibiotics with metal or polymer based

nanoparticles have increased recently (Tillotson & Theriault, 2013; Wang et al., 2017).

Inhibition of bacterial binding to specific host receptors plays an important role especially for
catheter associated infections and preventing bacteria from adhering on bladder tissue
(Nagahori et al., 2002). There are several studies which specifically focused on E.coli adherence
since this pathogen causes severe and chronic urinary tract infections (Cusumano et al., 2011;
Larsson et al., 2005). Modified FimH structure cause ST131 to become a high risk pathogen
compared to non-ST131 strains and inhibition of FimH adhesion is promising to increase
treatment efficiency (Krachler & Orth, 2013).

Previous literature findings demonstrated that fimbrial attachment occurs by the mannose
groups within FimH structure and this binding can be inhibited by mannoside analogs which
bind to FimH to prevent FimH binding to host receptors (Tchesnokova et al., 2011). Affinity
studies revealed efficient binding of mannoside analogs especially to type | fimbriae (FimH)
and represented its effects clinically (Bouckaert et al., 2005; Mydock-McGrane, Cusumano, &
Janetka, 2016). Another study showed the electrostatic interaction of biaryl mannosides with

FimH from several interaction sites which supports the compounds as therapeutic options (Han



etal., 2010). Figure 1.5 represents optimization of one mannoside analog (biphenyl mannoside)

for better binding capacity to FimH.
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Figure 1.5: Optimization of a mannoside analog (biphenyl mannoside) to increase FimH
binding affinity. Adapted from Han et al. (Han et al., 2012)

In addition to in vitro studies, murine models were also studied to examine new approaches
focusing on catheter associated infections. Totsika et al. have shown the inefficiency of
prophylaxis to treat acute and chronic ST131 infections. Instead of prophylaxis, they used orally
bioactive small molecular FimH inhibitor and recorded >1000 fold decrease of bacterial count
within bladder (Totsika et al., 2013). In another study, Guiton et al. has remarked the inefficient
infection treatment due to bacterial colonization and emphasized the histological and
immunological alterations in bladder tissue with the use of catheters. Their murine model
represented the effective inhibition of bacterial adhesion or colonization with mannosides and
showed synergy of mannosides together with trimethoprim-sulphametoxazole (Guiton et al.,
2012). In parallel with these findings, Han et al. stated that oral use of mannoside analogs is
applicable (Han et al., 2012).



1.5.2. Inhibition of efflux pumps

One other alternative for antibiotics is to inhibit efflux pump activity by increasing the bacterial
cell wall permeability and thus increase the antibiotic penetration (Ni et al., 2016). Different
classes of efflux pumps are given in Figure 1.6 and resistance nodulation cell division (RND)
pumps are responsible from efflux of various drugs (i.e. antibiotics, disinfectants and organic

solvents) in E.coli.
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Figure 1.6: Five classes of efflux pump systems (Piddock, 2006).

Efflux activity is the key factor for a bacteria to gain low-level quinolone resistance and thus
affects the further steps to achieve high-level resistance (Singh et al., 2012). Main efflux
component of E.coli is AcrAB-Tolc tripartite system. According to one of our study, expression
of acrA component and marA regulatory gene were found significantly higher in clinical ST131
isolates compared to non-ST131 isolates (p=0.0024 & 0.0007, respectively) (Atac et al., 2018).

One study which investigated the efflux pump inhibitors showed inhibitory effect of phenyl
arginine B-naphtylamide (PABN) and recorded the decrease in quinolone MIC value when used
together with the antibiotic (Mazzariol, Tokue, Kanegawa, Cornaglia, & Nikaido, 2000). In
another study that included K.penumoniae, S.aureus and E.coli, approximately 80% inhibition
of biofilm formation was recorded with the same efflux inhibitor (Kvist, Hancock, & Klemm,
2008). Furthermore, synergy between the efflux inhibitor and tetracycline lead to a 4.5 fold

decrease in biofilm amount.

1.5.3. Quinolone derivative gyramide as an alternative
Quinolone resistance has reached to 40% and keeps rising according to statistical records of
Center for Disease Dynamics, Economics and Policy (CDDEP, 2015). Increase in quinolone



resistance limits the efficiency of quinolone use and its derivatives are examined. One of the
quinolone derivatives, gyramide, specifically binds to DNA gyrase and forms supercoils in
DNA which causes bacteria not to divide since chromosome separation cannot take place
(Rajendram et al., 2014).

In a study conducted in 2017, 3 gyramide analog was selected out of 183 as potential gyrase
inhibitors inhibiting both gram positive (Bacillus spp., Enterococcus spp., Streptococcus spp.
and Staphylococcus spp.) and gram negative bacteria (Shigella flexneri, Salmonella enterica
and E.coli) (Hurley, 2017).

1.6. Combination of antimicrobials for synergistic activity

Since increased antibiotic resistance limit the efficiency of current antibiotics, synergy between
different combinations are investigated to treat infections. Stokes et al. showed that when
pentamidine (an antiprotozoal drug) was used together with antibiotics effective on gram
positive bacteria, the combination successfully inhibited gram negative bacteria as well (Stokes
et al., 2017). Venkatesh et al. examined synergy between ethanol, talactoferrin, EDTA and N-
acetyl cysteine in combination with nafcillin, vancomycin, fluconazole and amphotericin B for
catheter use in order to prevent biofilm formation on catheters (Venkatesh, Rong, Raad, &
Versalovic, 2009).

For other synergy combinations, especially silver nanoparticles are promising based on
published studies. In one study which included Enterococcus faecium, Staphylococcus aureus,
Pseudomonas aeruginosa, E.coli 0157 (ATCC 43895) and E.coli ATCC 25922) strains,
synergy between silver nanoparticles and kanamycin, chloramphenicol or ampicillin inhibited
biofilm formation (Hwang, Hwang, Choi, Kim, & Lee, 2012). In harmony with these results,
Singh et al. showed that in Acinetobacter baumannii, use of silver nanoparticles together with
imipenem caused decrease in biofilm formation and morphological disruption was recorded
(Singh, Nadhe, Wadhwani, Shedbalkar, & Chopade, 2016). One other study revealed efficient
synergy between nitrofurantoin and amikacin with silver nanoparticles to treat E.coli infections
and reported no colonization on the foley catheter surface for 14 days (Mala et al., 2017).
Following 2 years, antibiotic coating alone on catheter surface only inhibited 25% of bacterial
attachment while coating together with silver nanoparticles inhibited up to 90% of bacterial

attachment. These numerous examples are promising for future treatment options.



1.7. Targeted antimicrobial delivery systems

1.7.1. Delivery of antibiotics by liposomes or nanoparticles

Targeted antibiotic delivery is mediated by antibiotics integrated in nanoparticles or liposomal
structures resembling the bacterial cell wall. Outer core of this conjugated system interact with
bacterial cell wall from one or various sites and once the interaction takes place, antibiotic is
released. Such a cargo system can be considered as “Trojan horse” since the essential drug is
not released until it reaches to target site and interact with it (Abed & Couvreur, 2014).
Nanoparticles are very advantageous since they both are easily designed for various chemical
or physical conditions and controllable due to their small sizes. Direct delivery of drugs to target
site provides a much more localized and controlled treatment option such that even with current

antibiotics, efficient therapies can be obtained.

For a treatment to be successful; both inhibitory effect, controlled delivery of the cargo system
to infection site and efficient penetration inside the bacteria or biofilm are crucial. There are
several studies recently both to decrease toxicity and increase the efficiency of the drug at the
same time (Mu et al., 2016; Serisier et al., 2013; Stebbins, Ouimet, & Uhrich, 2014).

These cargo systems can be designed using either by liposomes, synthetic polymers or metallic
conjugates (Forier et al., 2014). Time efficiency of the antibiotic increases since no release of
antibiotic occurs until interaction takes place between outer core and bacteria. This controlled
release as well protects the drug from enzymatic inactivation (Forier et al., 2014).

1.7.2. Superparamagnetic Iron Oxide nanoparticles (SPIONS)

Iron oxide nanoparticles have been recently used for antibacterial approaches since they are
easily controlled with magnetic field and are biocompatible (Niemirowicz et al., 2015; Tran et
al., 2010).SPIONs are the only FDA approved metal oxide nanoparticles used in magnetic
resonance imaging due to their response to applied magnetic field. Magnetic control and
therefore carriage of the particles to any target site is already being used as a magnetic
separation tool in biological laboratories and recently, researches continue for cancer diagnosis

and treatment.

SPIONs can convert the high frequency electromagnetic radiation to heat which causes local
hyperthermia. This feature is promising for localized anti-cancer therapies in order to send the
SPIONSs to target site, apply magnetic field to create heat and thus locally interact with cancer

cells to cause apoptosis after the controlled release of any anti-cancer drug. Localized treatment
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is possible this way since cancer cells are much more sensitive to heat compared to healthy cells
(Laurent, Bridot, Elst, & Muller, 2010).

This perspective recently is applied to infection treatment and results of several studies
emphasize the success of this approach. Padwal et al. for instance recorded 4-log decrease in
Mycobacterium tuberculosis growth for polyacrylic acid coated SPIONs when used together
with rifampicin. In their analysis, coated SPIONs alone did not cause any inhibition but when
used together with rifampicin, particles acted as efflux inhibitors to lead rifampicin influx with

a 3-fold increase (Padwal, Bandyopadhyaya, & Mehra, 2014).

Antibacterial and anti-biofilm effect of SPIONs with various chemical modifications have been
investigated. Leuba et al. recorded decrease in S.aureus biofilm formation for carboxylic acid
coated SPIONSs alone and after biofilm formation, 35% of the biofilm mass was inhibited
following incubation with SPIONSs. They have associated this inhibition with trigger of reactive
oxygen species (ROS) generation (Leuba, Durmus, Taylor, & Webster, 2013). Another study
which included Streptococcus mutans revealed that cationic SPIONs were more efficient
compared to anionic SPIONs (Javanbakht, Laurent, Stanicki, & Wilkinson, 2016). Findings of
one other study demonstrated the greater surface interaction of SPIONs with hydrophobic
coatings (Mu et al., 2016).

Geilich et al. reported more effective bacterial inhibition for nanoparticles with smaller size
(Geilich et al., 2017). SPIONs are very advantageous for penetration into biofilms due to their
small size and controllable features. Chen et al. recorded more than 99% inhibition of
planktonic S.aureus and E.coli with carboxymethyl cellulose coated SPION incubation at 10%"
and 5™ hours, respectively (Chen, Wang, Xu, Neoh, & Kang, 2012). Two mg/ml of this
nanoparticle caused 84% and 95% decrease in cell viability for S.aureus and E.coli biofilms,

respectively after 48 hours of incubation under magnetic field.

Findings of Chen et al. contradicted to that of Leuba et al. (Leuba et al., 2013) in terms of the
inhibitory effect of SPIONs through ROS generation and explained the inhibitory effect as
binding of cationic SPIONs to negatively charged bacterial cell wall surface and therefore

promoting the lysis of bacterial cell.

One other approach of Darwish et al. was to utilize polyethyleneimine (PEI) and PEI-methyl
cellulose coated SPIONSs for its hyperthermia feature under variant magnetic field and recorded
10% inhibition of S.aureus and E.coli biofilm for SPION doses lower than 150 mg/ml with the
use of thermal ablation (Darwish, Nguyen, Sevcu, Stibor, & Smoukov, 2016).
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1.8. Photothermal therapies (PTT)

Increased antibiotic resistance and biofilm formation requires more localized and efficient
therapy approaches. Photothermal therapy (PTT) or photodynamic approaches are recently
being developed and used in many areas such as cancer treatment. Nanoparticles or photo-
sensitizers convert the infrared radiation to local heat in PTT to cause thermal ablation and
promote ROS generation, DNA damage and necrosis whereas to cause ROS generation and
apoptosis in photodynamic approach. Both approaches are promising methods for inhibiting

microorganisms.

Research on PTT application for infection treatments have started recently and one example is
represented in Figure 1.7. Biofilm eradication on a bone implant of a mouse model was
reported with PTT application at near infra-red region (with 808 nm laser) (Tan et al., 2018).

Figure 1.7: Schematic illustration that shows the eradication of biofilm formed on the surface

of bone implant through 808 nm laser. Adapted from Tan et al. (Tan et al., 2018)

In one study, Akbari et al. recorded a drastic decrease in Enterococcus faecalis number when
stimulated with at 810 nm for 60 seconds (31.2 J/cm?) (Akbari et al., 2017). Combined therapy
of drugs and weak hyperthermia (41-45°C) are currently used in clinical therapy approaches.
Weak hyperthermia promotes the sensitivity of bacteria or cancer cells to antimicrobials or

chemotherapy, respectively.

Gold nanoparticles are one of the most commonly used nanoparticles with PTT since they
absorb near infrared wavelength radiation. Martinez et al. recorded significant decrease in MIC

and MBC for E.faecalis, S.aureus, Streptococcus salivarius, Streptococcus mutans,
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Streptococcus sobrinus, Streptococcus oralis and E.coli with PTT using gold nanoparticles
(Castillo-Martinez, 2015). In another study poly (dimethylsiloxane) coated catheters were
loaded with gold shells and no colonization of resistant E.faecalis strain on catheter was
recorded after PTT was applied at 810 nm for 5 to 10 minutes. This finding is promising for

PTT that it can act as a wide spectrum antibiotic in a manner (Khantamat et al., 2015).

One other study recorded significant decrease in E.coli HCB33 biofilm and cell viability when
incubated with gold nanorods and stimulated with 808 nm for 5 minutes (0.45 Watt) (Jo & Kim,
2013). Cell viability and metabolic activity experiments demonstrated the disruption of cell
membrane and protein denaturation after local heat increase (hyperthermia). Besides,
dispersion of the biofilm was reported. The inhibitory effect was proportional to gold nanorod

concentration, time and laser power.

Hu et al. investigated the effect of PTT on biofilm formation in methicillin resistant
Stapylococcus aureus (MRSA) and reported decrease in biofilm mass while no damage was
recorded in healthy tissue (Hu et al., 2017). Daptomycin conjugated gold nanorods specifically
targeted MRSA biofilm since staphylococcal protein A (SpA) was bound to the rods. Inhibitory
effect was reversible after 24 hours for gold nanorods alone but conjugation of daptomycin and
SpA caused total inhibition even after 24 hours. Such an inhibition for a resistant and
widespread pathogen draws attention for the approach to be applicable for treatment of various

infections.

1.9. Combination of SPIONs and PTT for bacterial inhibition

SPIONSs are able to cause magnetic hyperthermia but its complete control under a magnetic
field and localization within a biofilm might not be as precise as it is in other approaches such
as imaging or cancer diagnosis. PTT, on the other hand is a much more localized and controlled
approach applicable. Chu et al. examined PTT effect of SPIONs both with in vitro and in vivo
studies. SPION configuration (spherical, hexagonal or rod) was not an important determinant
for PTT but short wavelengths (655 or 671 nm) were more efficient compared to 808 nm (Chu
etal., 2013).

Effect of iron oxide nanoparticles together with PTT was examined for cancer treatment and
viability of cancer cells decreased with the method as well as the tumor growth was prevented

in vivo. Combination of SPIONs with PTT for antibacterial approach is not yet studied in detail.
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Therefore; considering the findings related to cancer treatment, it seems both practical and

promising for treating bacterial infections, especially at biofilm level.

1.10. Aim of this study

Aim of this study was to develop a therapy option for E.coli ST131 infections by designing a
local targeted delivery to carry antimicrobial agents (shown in Figure 1.8) and combine it with
PTT. SPIONs were modified to target bacteria and interaction of particles with bacterial cell

wall was proposed for release of antimicrobial agents.

For specific interaction with E.coli ST131, mannosides (FimH inhibitors) were conjugated to
SPIONSs. In order to increase efficiency of targeted delivery of antimicrobials (i.e. ciprofloxacin,
vancomycin and gyramide) by SPIONs, efflux pump inhibitors will also be added to the cargo
system. Effect of targeted delivery by SPIONSs will be examined for both planktonic and sessile

cells, with or without PTT application.
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Figure 1.8: Schematic demonstration of mannoside and ciprofloxacin conjugation to PAA-
SPION.
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2. MATERIALS AND METHODS

2.1. Growth medium optimization for E.coli biofilm formation

2.1.1. Biofilm production optimization of E.coli isolates in tryptic soy broth

Biofilm formation of 19 urinary tract isolates were examined in tryptic soy broth medium (TSB)
and compared with biofilm producing Staphylococcus epidermidis ATCC 35984 strain. Isolates
were streaked on tryptic soy agar (TSA) plates and after overnight incubation, single colony
was selected into 5 ml of TSB for incubation at 37°C-135 rpm. Overnight culture was set to
McFarland (MF) 1 and 100 pul of each sample were added into sterile, flat bottom polystyrene

96-well plates for static incubation.

Biofilm mass was determined via crystal violet assay based on Merritt et al with slight
modifications (Merritt, Kadouri, & O'Toole, 2005). Wells were washed two times with distilled
water and dried at 60°C. After plates dried, 125 ul of 0.1% crystal violet was added to wells
and following 15 minutes of incubation, plates were washed two times with distilled water and
dried. Two hundred pl of 95% ethanol was added and after 15 minutes of incubation, optical

density (OD) was measured at 540 nm with MultiskanGO (Thermo Scientific, MultiskanGO).

2.1.2. Biofilm production optimization of isolates in different media

One bacteremia isolate (isolate no 381) was used for this experiment and biofilm production
was compared to S.epidermidis ATCC 35984. Biofilm formation in different media were
recorded: different media: RPMI (with 20 uM FeCls . 6H20 or 1% glucose) and Luria Bertani
medium (LB). Inoculums were prepared similarly as given in Section 1.1. McFarland was set
to 1 for all isolates within different media prior to static biofilm formation at 37°C for 24 and
48 hours. Following incubations, crystal violet assay was performed to determine biofilm mass,

similar to above mentioned protocol.

2.1.3. Biofilm production optimization of E.coli isolates in minimal medium (M9)

Ten bacteremia isolates (iha and papA positive) were selected for this experiment to compare
their biofilm formation in minimal medium (M9) (Sarkar et al., 2016). Briefly, single colonies
were selected into 5 ml of TSB and after overnight incubation, MF was set to 1 in M9 medium
supplemented with 0.3% casamino acids and 0.2% glucose. Hundred pl of these inoculums
were added to 96-well plates and statically incubated at 37°C. Afterwards, crystal violet assay

was performed similarly.
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2.2. Biofilm production optimization of E.coli isolates in minimal medium (M9) after
FimH induction

2.2.1. Biofilm formation with three times FimH induction procedure

Five UTI isolates were selected for this experiment. After single colony inoculation in 5 ml of
Miller LB and overnight incubation at 37°C-135 rpm, MF of the isolates was set to 1 with law
salt Lennox LB and 100 ul of these suspensions were added to 96-well plates. Similarly to
Totsika et al. (Totsika et al., 2011), following each 16" hour of static 37°C incubation, 90 ul
of the medium was removed and fresh 100 pl Lennox LB was added. This step was repeated
three times for FimH induction. After the third incubation, medium was removed and wells
were washed with 1X phosphate buffered saline (PBS). Hundred pl of M9 medium was added
to wells for overnight static incubation at 37°C. Following overnight incubation, crystal violet

assay was performed as mentioned in Section 1.1.

2.2.2. Biofilm formation with two times FimH induction procedure

Each step of section 2.2.1 was repeated instead of three times static incubation for FimH
induction. This step was repeated two times instead of three times. Once biofilm was formed in
M9 medium, crystal violet assay was performed.

2.3. Selection of cationic / anionic SPIONs and dose optimization

2.3.1. Growth inhibition effect of cationic (APTMS coated) SPION on E.coli ST131
planktonic and biofilm cells

APTMS/SPION

Figure 2.1: Schematic demonstration of APTMS SPION.

Cationic APTMS, (3-Aminopropyl)trimethoxysilane, SPION (Figure 2.1) was synthesized and
characterized by collaborator of our project, Prof. Dr. Funda Yagci Acar and her team at Kog
University, Polymers and Nanomaterials Research Lab. After synthesis, particle size and size
distribution were determined via dynamic light scattering (DLS). Time dependent stability of

nanoparticles at certain time periods (after 6, 12, 24, 48 and 72 hours) were recorded. Crystal
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size was measured via transmission electron microscope (TEM) and crystal structure with X-
ray diffraction (XRD). Size of APTMS was recorded as 18 nm.

Effect of APTMS both on planktonic cells and biofilm of one urinary tract infection E.coli
ST131 isolate (isolate 294) was examined. For effect on planktonic growth, bacterial isolate
was streaked on TSA, single colony was inoculated in 5 ml of Miller LB for overnight at 37°C-
135 rpm. MF was set to 1 with fresh LB and APTMS SPION was added to final concentrations
of 25, 50 and 100 pg/ml. after SPION addition, inoculums were incubated overnight at 37°C-
135 rpm. OD of overnight inoculums were measured at 570 nm and blank APTMS OD was
recorded for subtraction afterwards. Doses of APTMS were diluted in terms of iron
concentration supplied as the stock solution taken from Polymers and Nanomaterials Research

Lab. Iron concentration of stock solution was 3.96 mg/ml.

Effect on biofilm was analyzed after formation of biofilm as similar to protocol mentioned in
Section 2.2.2. After biofilm production in M9, medium was removed and fresh medium
containing selected doses of SPION was added to statically incubate the biofilm plates
overnight. Hundred pl of fresh M9 medium was added to control wells instead of SPIONS.
Afterwards, crystal violet assay was performed to determine biofilm mass.

2.3.2. Morphological effect of APTMS-SPION on E.coli ST131 biofilm

APTMS SPION was fluorescently tagged with Alexa Fluor 680™ NHS Ester in Polymers and
Nanomaterials Lab and SPION effect on biofilm was investigated with confocal microscopy.
Bacterial biofilm was formed on 12 mm glass slides and biofilm was incubated with
fluorescently labeled APTMS. After washing the slides to remove residues and fixation in 3.5%
formaldehyde, morphological changes and SPION interaction with bacteria was examined
under confocal microscopy (Leica TCS SP8). Bacteria were stained with DAPI by using DAPI
mounting medium. Cover slides of biofilm samples were smeared on glass slides by adding one
drop of Fluoroshield Mounting Medium with DAPI (Abcam)

Morphological changes in biofilm after APTMS incubation was also examined with scanning
electron microscopy (SEM) using Zeiss EVO LS15. For SEM imaging, biofilm was formed
similarly on glass slides and incubated with SPION. Following fixation in 2.5% glutaraldehyde
and gradual alcohol dehydration, biofilm slides were dried under vacuum and coated with gold
for 15 seconds for SEM imaging.
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2.3.3. Effect of anionic SPION (PAA coated) on E.coli ST131 planktonic cells and biofilm

PAA/SPION

Figure 2.2: Schematic demonstration of PAA SPION.

Cationic polyacrylic acid (PAA) coated SPIONs were synthesized and characterized similarly
in Polymers and Nanomaterials Research Lab, as mentioned in section 2.3.1. Size of this
nanoparticle was 33.2 nm. Iron concentration of SPION was 2.344 mg/ml in stock solution.
Effect of this nanoparticle in a concentration range of 25-100 pg/ml both on planktonic cells
and biofilm of isolate 294 was analyzed similarly as in Section 2.3.1.

2.3.4. Morphological effect of PAA-SPION on E.coli ST131 biofilm

PAA SPION was fluorescently tagged with Alexa Fluor™ 647 Cadaverine in Polymers and
Nanomaterials Lab similarly as in protocol of Section 2.3.2. Biofilm was stained with Live-
Dead kit (BacLight L7007, Invitrogen) according to manufacturer’s instructions. Biofilm
incubated with PAA SPION was analyzed both with confocal microscope and SEM for
morphological changes with the same protocol in Section 2.3.2.

2.4. Use of mannoside analogs as FimH binding molecules

2.4.1. Effect of mannoside analogs on planktonic cells
Minimum inhibitory concentration (MIC) was determined by broth microdilution for

mannoside analogs which are given below:

e Methyl a-D-mannopyranoside
e a-D-Mannopyranosylphenyl isothiocyanate

¢ 4-Aminophenyl a-D-Mannopyranoside
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Briefly, isolate 294 was streaked on TSA plates and kept at 37°C overnight. Following single
colony inoculation in 5 ml tryptic soy broth (TSB) at 37°C-135 rpm for approximately 8 hours
(to reach log phase), McFarland of samples were set to 1 by dilution with cation adjusted
Mueller Hinton broth (MHB). Serial dilutions of given antimicrobials were prepared in
polystyrene 96-well plates with MHB and 10 pl of bacterial inoculum was added to each well.
Following overnight incubation at 37°C, optical density (OD) values were recorded at 570 nm
after 20 seconds of orbital shake. Concentration range of mannoside analogs was 1 to 32 uM.

CLSI standards were considered (CLSI, 2010).

2.4.2. Effect of methyl a-D-mannopyranoside on biofilm formation

Effect of Methyl a-D-mannopyranoside on E.coli ST131 biofilm (with isolate 294) was
analyzed for doses of 0.5 to 10 uM both before and after biofilm formation. Biofilm was formed
in M9 medium, similar to Section 2.2.2 and mannoside was added in doses of 0.5-10 uM either
before or after biofilm formation. After overnight incubation, OD values at 540 nm were

recorded following crystal violet assay.

2.5. Activity of various antimicrobial agents for drug delivery system design

2.5.1. MIC values of various antimicrobial agents for E.coli ST131

Similar to Section 2.4.1. MIC values of efflux inhibitors and quinolones were determined
considering CLSI standards. Concentration ranges for antimicrobial agents are given in Table
2.1.

Table 2.1: Concentration range of antimicrobial agents

ANTIMICROBIAL CONCENTRATION
AGENT RANGE

. Ciprofloxacin 0.250 to 256 pg/ml

uinolones .
Q Norfloxacin 0.250 to 256 pug/ml
Quinolone derivative Gyramide 0.125 t0128 pg/ml
o PABN 0.8 to 100 uM

Effl mp inh r - —

ux pump inhibitors 2,3 dibromomaleimide |0.250 to 256 ng/ml

Growth inhibition was determined by OD measurement at 540 nm.
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2.5.2. Synergy of selected antimicrobial agents on E.coli ST131 planktonic cells

In order to detect any synergistical effects of antimicrobial agents, chequerboard assays were
used and FIC indices (fractional inhibitory concentration) were determined. For two drugs (i.e.
drug A and B), drug B was serially diluted in 96-well plate by MHB column by column and the
1%t column was left for drug A control. Drug A was separately prepared for various
concentrations and added in each row except for the 1 row (control for drug B). Bacterial
inoculums were prepared similarly as given in Section 2.2. Ten microliters of inoculum was
then added into wells and kept at 37°C overnight. OD values were recorded for wells (at 570
nm) after 20 seconds of orbital shake. FIC indices (FICI) were determined by the following

equation (Timurkaynak et al., 2006):

FICI: (MIC of drug A in combination/MIC of drug A alone) + (MIC of drug B in

combination/MIC of drug B alone)
FICI<0.5, synergistic;

0.5 <FICI < 1, partially synergistic;
FICI = 1, additive;

>1 FICI<4, indifferent;

FICI > 4, antagonistic

2.5.3. Synergistical effect of selected antimicrobial agents on E.coli ST131 on biofilm

Biofilms were formed with protocol similar to Section 2.2.2. After overnight incubation, 100
ul of freshly prepared aliquots of antimicrobial combinations were added to corresponding
biofilm wells. Following 24 hours of incubation, for selected combinations (dose combinations
that showed synergy at planktonic level) biofilm was scraped from the well and added into 5
ml of phosphate buffered saline (PBS). Biofilm was dispersed by homogenizing the sample
with IKA homogenizer at the speed of 5 for 30 seconds. Following serial dilutions with PBS,
samples were spread on TSA plates (kept at 37°C) and colony counts were recorded as CFU/ml

after overnight incubation at 37°C.
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2.6. Activity of SPIONs as drug delivery agents
2.6.1. Effect of ciprofloxacin conjugated APTMS-SPION on planktonic cells and biofilm

0 0o o 0

F\'/?‘\\/L\«/\OH A “‘N*o
PP - EDC/NHS |
NH,  + TN 2 N e > . - g
( AONTNENN
HN

N ,// / \ HN J
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APTMS/SPION Ciprofloxacin APTMS/SPION-Ciprofloxacin

Figure 2.3: Schematic demonstration of mannoside and ciprofloxacin conjugation to APTMS
SPION.

APTMS SPION was conjugated with a-D-mannopyranosylphenyl isothiocyanate and
ciprofloxacin. Effect of APTMS cargo system was investigated both on planktonic cells and
biofilm of isolate 294. For planktonic growth and biofilm formation, steps of section 2.3.1 was
followed with the dose of 25 pg/ml APTMS-Ciprofloxacin.

2.6.2. Effect of 4-Aminophenyl a-D-mannopyranoside conjugated PAA-SPION on

planktonic cells and biofilm

COOH

NH,

——COOH 4-Aminophenyl a-D-mannopyranoside o CONH-Man
N EDC/NHS

o [29)
¥© W PAA/SPION-Man

HOO0O

PAA/SPION

Figure 2.4: Schematic demonstration of mannoside conjugation to PAA SPION.

Size of conjugated particle was recorded as 20 nm. Effect off mannoside conjugation both on
planktonic cells and biofilm of isolate 294 was examined by following the steps given in Section

2.3.3. Conjugated mannoside ratio was 10%.
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2.6.3. Effect of PAA-SPION with conjugation of 30% 4-Aminophenyl a-D-
mannopyranoside
Size of this particle was 19.9 nm and mannoside ratio was increased to 30%. Effect on

planktonic cells and biofilm of isolate 294 was analyzed with similar protocols of Section 2.3.3.

2.6.4. Effect of Ciprofloxacin/4-Aminophenyl a-D-mannopyranoside and PAA -SPION

conjugation of on planktonic cells and biofilm

0 0 . X ? lO /,/—\\
F 2 I | NN OH i
NN w2 ) PAA/SPION S C00CH,-Ciprofloxacin
A AR AN 5 SNTNZN b4
NT NN A b e
HN_ A " Ny A
/\ I
Ciprofloxacin Ciprofloxacin-1 PAA-Mannoside-Ciprofloxacin

Figure 2.5: Schematic demonstration of ciprofloxacin and mannoside (30%) conjugation to
PAA SPION.

Size of ciprofloxacin and mannoside conjugated PAA SPION was detected as 18.7 nm.
Contribution of ciprofloxacin to SPION effect was examined both for planktonic and biofilm

cells of isolate 294, with similar steps as Section 2.3.3.

2.7. Imaging of SPION delivery system

2.7.1. Imaging of fluorescently tagged PAA/PAA-Mannoside/PAA-Mannoside-
Ciprofloxacin incubated E.coli ST131

Planktonic cells of isolate 294 was incubated either with 25 and 250 pg/ml of PAA, PAA-
Mannoside or PAA-Mannoside-Ciprofloxacin. Ten ul of bacterial suspensions were heat fixed
on glass slides and stained with Phalloidin FITC dye. Samples were stained by adding 100 pl
of 1/100 diluted dye and incubated for one hour incubation at 37°C. After staining, samples
were washed with 1X PBS two times and interaction of fluorescently labeled SPIONs with

bacteria was recorded with confocal microscope.

For biofilm interaction of SPIONs (alone or conjugated) same concentrations with planktonic
incubation were added to biofilm and following overnight incubation, samples were dried at
60°C to stabilize the biofilm and fixed in 3.5% formaldehyde solution. Afterwards, biofilm
samples were stained with Phalloidin FITC similar to staining of planktonic cells. Biofilm

interaction of SPIONs was imaged with confocal microscope.
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2.7.2. Specifity of SPION delivery system for E.coli ST131

In order to determine the specificity of SPION interaction with E.coli ST131, one non-ST131
E.coli isolate and S.epidermidis ATCC 35984 were analyzed regarding SPION interaction with
planktonic cells of bacteria. Planktonic cells of these strains were incubated with 25 pug/ml of
PAA and PAA-Mannoside. Ten ul of these inoculums were heat fixed on glass slides and
stained with Phalloidin FITC for confocal imaging similar to Section 2.7.1.

2.8. Effect of PTT application to the PAA SPION delivery system

2.8.1. Optimization of PTT conditions

Prior to PTT, cells of isolate 294 were allowed to form biofilm in non-treated flat-bottom
polystyrene 96-well plates. Briefly, bacteria were streaked onto TSA and kept overnight at

37°C. Biofilm was formed similar to Section 2.2.2.

In order to optimize the PTT conditions, power was set to either 50, 100, 500 or 800 mili-Watts
(mW) both for 5 and 10 minutes with a laser of 808 nm. OD values were recorded at 570 nm
immediately after PTT (0" hour) and after overnight incubation following PTT (24" hour).
Effect of PTT was examined both with continuous exposures and with increments (10 minutes

exposure and 10 minutes of pause).

2.8.2. Effect of PTT combined with PAA, PAA-Mannoside and PAA-Mannoside-
Ciprofloxacin on planktonic and biofilm cells of E.coli ST131

Planktonic cells or biofilm of isolate 294 were incubated with 25 and 250 pg/ml of either PAA,
PAA-Mannoside or PAA-Mannoside-Ciprofloxacin prior to PTT application. One control plate

for each experiment set was prepared and kept at same conditions without PTT exposure.

Briefly, planktonic cells were inoculated with LB medium containing SPIONSs in 96-well plates.
Following PTT, 20 pul of smaple from each well were serially diluted to spread on TSA plates

and colony forming units (CFU) were counted after one day incubation at 37°C.

For biofilm experiments, biofilm was incubated with SPIONs and after one day incubation,
wells were exposed to PTT. After PTT was applied, 100 ul of wells were scraped into 100 ul
PBS and samples were homogenized using IKA homogenizer at the speed of 4 for 20 seconds.
Once homogenized, samples were serially diluted and spread on TSA plates in order to
determine CFU counts. All experiments were done in triplicate.
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2.9. Statistical analysis

In order to compare SPION effect to non-treated bacteria, Mann-Whitney test was applied for
each concentration with GraphPad Prism software program (GraphPad Software, Inc., USA).
95% confidence interval was selected and p<0.05 was considered as statistically significant. All

data were represented as mean + standard deviation.

For PTT effect, >2 log-decrease was considered as clinically significant inhibition in mean
CFU/ml of either planktonic or sessile cells. All data were represented as mean + standard

deviation.
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3. RESULTS

3.1. Growth medium optimization for E.coli biofilm formation

3.1.1. Biofilm production optimization of E.coli isolates in tryptic soy broth

Nineteen urinary tract isolates were selected. Biofilm production of these isolates in TSB
medium was compared with biofilm production of S. epidermidis ATCC 35984 and data are

shown in Figure 3.1.

Figure 3.1: Biofilm assay results of 19 UT]I isolates.
Amount of biofilm was low in TSB medium for 19 UTI isolates and biofilm range was from
0.152 to 0.268 whereas that of high biofilm producing S.epidermidis was 0.656.

3.1.2. Biofilm production optimization of isolates in different media

Biofilm formation of one bacteremia isolate (381), which was iha and papA positive, and
Staphylococcus epidermidis (ATCC 35984) were investigated in different media: RPMI, RPMI
with FeClz or glucose and LB. Assay results are given in Figure 3.2. Mean optical density of
E.coli (381) in RPMI was 0.185, in RPMI-FeCls was 0.194, in RPMI-Glucose was 0.203 and
in LB was 0.147. There was no difference in biofilm production after 24 and 48 hours. Mean
OD values for S. epidermidis biofilm production were 0.194 in RPMI, 0.327 in RPMI-FeCls,
0.220 in RPMI-Glucose and 0.408 in LB. The highest biofilm production of S.epidermidis was
obtained when LB medium was used. For E.coli (381) no significant change of biofilm

formation in different media was observed.
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Figure 3.2: Biofilm assay results of one bacteremia isolate in different media.

3.1.3. Biofilm production optimization of E.coli isolates in minimal medium (M9)

M9 minimal medium was used for 10 bacteremia isolates positive for iha and papA genes.
Biofilm formation in M9 medium was compared to biofilm in TSB and results are demonstrated
in Figure 3.3. Biofilm assay results of E.coli isolates in M9 medium was found to be similar to

that of in TSB. Mean OD values were lower than 0.2 for all isolates in both media.
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Figure 3.3: Biofilm assay results in M9 Medium or TSB.
Mean OD range of bacteremia isolates in TSB was from 0.067 to 0.157 and in M9 from 0.091
to 0.147.
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3.2. Biofilm production optimization of E.coli isolates in minimal medium (M9) after

FimH induction

3.2.1. Biofilm formation with three times FimH induction procedure
Following three times static FimH induction, biofilm production of 5 UTI isolates in M9
medium were examined. Data are given in Figure 3.4. Mean OD values for 4 isolates were

higher than 1.0 and that of one isolate was 0.287.
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Figure 3.4: Biofilm assay results after three times FimH induction.

3.2.2. Biofilm formation with two times FimH induction procedure

Biofilm production of 5 UTI isolates in M9 medium were examined after two times static FimH
induction and results are demonstrated in Figure 3.5. Mean OD values for all isolates were

higher than 0.3 and the highest biofilm producing isolate was sample 213 (Mean OD: 0.883).

* A > # L

Figure 3.5: Biofilm assay results after two times FimH induction.
E.coli ST131 isolate 294 was selected for following experiments, and two times fimH induction

was set as experimental protocol for biofilm production.
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3.3. Selection of SPION and dose optimization
3.3.1. Growth inhibition effect of cationic (APTMS coated) SPION on E.coli ST131

planktonic and biofilm cells

Dose dependent effect of APTMS-SPION on planktonic cells is shown in Figure 3.6. Mean
OD value after 25 pg/ml APTMS was is 0.745 (p: 0.076). OD of 100 pg/ml APTMS-SPION
incubation was 0.545 while mean OD for control was 0.802 (p=0.100).

1.0+
0.9+
0.8+
0.7+
0.6
0.54
0.4+
0.34
0.2+
0.14
0.0+

oD (570 nm)

N
N
L

& © ©
00‘0 rf)o@ ﬁQ\}Q \QQ
Figure 3.6: Effect of dose dependent APTMS-SPION incubation on planktonic cells.

For further experiments 25 pg/ml dose was selected.

Effect of APTMS-SPION effect (with 25 pg/ml) on biofilm was demonstrated in Figure 3.7.
APTMS incubation did not result in biofilm inhibition as mean OD for APTMS was 0.351 and
that of control was 0.354 (p=1.000).
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Figure 3.7: Effect of APTMS-SPION on E.coli ST131 biofilm.

3.3.2. Morphological effect of APTMS-SPION on E.coli ST131 biofilm
SEM images of E.coli ST31 biofilm after incubation with APTMS-SPION is shown in Figure
3.8. Cell morphology was not disrupted with APTMS-SPION exposure.

3.8a) 3.8b)
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Figure 3.8: SEM images of E.coli ST131 biofilm with a) No APTMS (control) b) after
incubation with 25 pg/ml APTMS.

APTMS-SPION was fluorescently labeled with Alexa 680, and bacterial uptake of the SPION
was examined using confocal microscopy. Images of control and SPION incubated biofilms are
given in Figure 3.9. In confocal images, accumulated APTMS-SPION particles were detected

at some regions independent from bacterial cells.
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Figure 3.9: Confocal images of E.coli ST131 biofilm with a) No APTMS (control) b) after
incubation with 25 ng/ml APTMS. (Bacteria stained with DAPI).
*Green: bacteria, red: APTMS SPION

3.3.3. Effect of anionic SPION (PAA coated) on E.coli ST131 planktonic cells and biofilm
One UTI E.coli ST131 isolate (Sample 294) was selected for these experiments. Planktonic
cells and the cells in biofilm were incubated with three different concentrations of PAA-SPION.
Figure 3.10 shows the effect of PAA-SPION on planktonic cells. Mean OD for PAA-SPION
incubated cells was 0.554 for 25 pg/ml, 0.556 for 50 ng/ml and 0.664 for 100 pg/ml PAA; that
of control was 0.793. No significant growth inhibition was obtained for different doses of PAA-
SPION (p=0.100).
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Figure 3.10: Effect of different doses of PAA-SPIONSs on planktonic cells.

Effect of PAA-SPION on biofilm is shown in Figure 3.11. Mean OD value of 25 pg/ml PAA
was 0.410, that of 50 ug/ml was 0.466 and that of 100 pg/ml was 0.593 while control OD was
0.550. Biofilm production was not affected by PAA-SPION incubation for 25, 50 and 100
pg/ml PAA SPION incubation (p=0.200, 0.700 and 1.000, respectively).
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Figure 3.11: Effect of different doses of PAA-SPION on E.coli ST131 biofilm.



3.3.4. Morphological effect of PAA-SPION on E.coli ST131 biofilm
3.12a) 3.12b)
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Figure 3.12: SEM images of E.coli ST131 biofilm of a) control b) after incubation with 25
ng/ml PAA (Bacteria stained with BacLight Live-Dead Kit)

In control slide, the cells were in short rod shape and biofilm was clearly seen. Compared to
control biofilm, cells in PAA-SPION incubated slide were observed as elongated in biofilm.

Confocal microscope images of control and PAA-SPION incubated biofilms are represented in
Figure 3.13. No significant change in biofilm mass was observed after PAA-SPION exposure.
Biofilm thickness was 4.0 um for control and 4.2 um for PAA-SPION incubated biofilm.

3.13) 3.13b)

Figure 3.13: Confocal images of E.coli ST131 biofilm of a) control b) after incubation with
25ug/ml PAA (Bacteria stained with BacLight Live-Dead Kit)

PAA SPION was selected for designing targeted delivery system.

3.4. Use mannoside analogs as FimH binding molecules

3.4.1. Effect of mannoside analogs on planktonic cells
Figure 3.14 demonstrates MIC values of isolate 294 for mannoside analogs: 4-Aminophenyl

a-D-mannopyranoside, o-D-Mannopyranosylphenyl isothiocyanate and methyl o-D-
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mannopyranoside. For 4-Aminophenyl a-D-mannopyranoside, OD value for control was 1.426

and for the highest concentration (32 uM) OD was 1.413. No growth inhibition was detected.
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Figure 3.14: MICs of mannoside analogs for isolate 294

Incubation with a-D-Mannopyranosylphenyl isothiocyanate did not cause bacterial inhibition.
The highest dose (32 uM) resulted in OD of 1.264 while control OD was 1.407. For methyl a-
D-mannopyranoside, no growth inhibition was detected since highest dose resulted in OD of
1.281 and OD of control was 1.453.

For biofilm experiments, methyl a-D-mannopyranoside was selected since our isolate showed

similar growth trends for all mannoside analogs.

3.4.2. Effect of methyl a-D-mannopyranoside on biofilm formation

Isolate 294 was incubated with methyl a-D-mannopyranoside between 0.5 and 10 uM
concentrations and afterwards biofilm assay was performed (Figure 3.15). For the highest dose
of mannoside (10 uM) mean OD was 0.122 and mean OD for control was 0.135 and. This dose

did not cause inhibition in biofilm production (p=0.284).
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Figure 3.15: Effect of methyl a-D-mannopyranoside before biofilm formation.

Figure 3.16 represents the effect of methyl a-D-mannopyranoside on previously formed
biofilm. Ten uM of mannoside resulted in mean OD of 0.132 and that of control OD was 0.121.

Mannoside did not cause a reduction on biofilm mass (p=0.400).
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Figure 3.16: Effect of methyl a-D-mannopyranoside after biofilm formation.

For drug delivery design, 4-Aminophenyl a-D-mannopyranoside was selected due to its

chemical structure.
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3.5. Activity of various antimicrobial agents for drug delivery system design

3.5.1. MIC values of various antimicrobial agents for E.coli ST131

MIC values for quinolones (ciprofloxacin, norfloxacin and gyramide) and efflux inhibitors are

given in Table 3.1.

Table 3.1: MIC values of antimicrobial agents for E.coli ST131

Antimicrobial Agent MIC
o PABN > 100 uM
Efflux pump inhibitors - —
pump 2,3 dibromomaleimide 256 pg/ml
. Ciprofloxacin 64 pg/ml
uinolones -
Q Norfloxacin 32 pg/ml
Quinolone derivative Gyramide 110 pg/ml

Isolate 294 was resistant to efflux pump inhibitors, quinolones and its derivative gyramide.

3.5.2. Synergistical effect antimicrobial agents on E.coli ST131 planktonic cells

Synergy combinations for chequerboard assays are given as follows:

e Methyl a-D-mannopyranoside & Ciprofloxacin

e Methyl a-D-mannopyranoside & Gyramide

e Methyl a-D-mannopyranoside & PABN

e Methyl a-D-mannopyranoside & 2,3 dibromomaleimide

e a-D-Mannopyranosylphenyl isothiocyanate & Ciprofloxacin

e a-D-Mannopyranosylphenyl isothiocyanate & PABN

e PAPBN & Ciprofloxacin
e PAPBN & Norfloxacin

e 2,3 dibromomaleimide & Ciprofloxacin

For these combinations, FIC indices were calculated as shown in Table 3.2.
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Table 3.2: FIC indices of selected antimicrobial agent combinations

Combination FIC Index
1 uM Methyl a-D-mannopyranoside & 16 pg/ml Ciprofloxacin 0,25*
1 uM Methyl a-D-mannopyranoside & 55 pg/ml Gyramide 0,25*
4 uM Methyl a-D-mannopyranoside & 200 uM PABN 2
1 uM Methyl a-D-mannopyranoside & 256 pg/ml 2,3 dibromomaleimide 0,5*
1 uM a-D-Mannopyranosylphenyl isothiocyanate & 64 pg/ml Ciprofloxacin 1%
4 uM o-D-Mannopyranosylphenyl isothiocyanate & 200 uM PABN 2
1 uM PABN & 64 ng/ml Ciprofloxacin 1*
1 uM PABN & 32 pg/ml Norfloxacin 0,5*
1 ug/ml 2,3 dibromomaleimide & 64 pg/ml Ciprofloxacin 0,75*

*: representing synergy
# representing partial synergy

By FIC definition, combinations for 1 uM Methyl a-D-mannopyranoside & 16 pg/ml
Ciprofloxacin, 1 uM Methyl a-D-mannopyranoside & 55 pg/ml Gyramide, 1 uM Methyl a-D-
mannopyranoside & 256 pg/ml 2,3 dibromomaleimide and 1 uM PABN PABN & 32 pg/ml
Norfloxacin were found to act synergistically whereas combination of 1 pg/ml 2,3
dibromomaleimide & 64 ug/ml Ciprofloxacin was partially synergistic. Combinations of 1 uM
a-D-Mannopyranosylphenyl isothiocyanate & 64 pg/ml Ciprofloxacin and 1 uM PABN & 64
pg/ml Ciprofloxacin showed additive interaction and combinations of 4 uM Methyl a-D-
mannopyranoside & 200 uM PABN and 4 uM a-D-Mannopyranosylphenyl isothiocyanate &
200 uM PABPBN did not have any interaction.

3.5.3. Synergistical effect of selected antimicrobial agents on E.coli ST131 on biofilm
Effect of synergistical combinations on biofilm was examined for Methyl o-D-
mannopyranoside & Ciprofloxacin and PABN-Ciprofloxacin. Results are represented as change

in colony forming units for selected dose combinations, in Figure 3.17 and 3.18, respectively.

Methyl a-D-mannopyranoside & Ciprofloxacin combination did not inhibit biofilm formation.
The growth of E.coli was 10 ° in control well, and in all other wells containing combinations
growth was between 108-10'° log(CFU)/ml (Figure 3.17).
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Figure 3.17: Synergy effect of Methyl a-D-mannopyranoside & Ciprofloxacin combination
after biofilm formation of isolate 294. *M for Mannoside doses (from 1 to 32 uM) ; C for

Ciprofloxacin doses (from 0.250 to 256 p/ml). **Numbers represent concentration values
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Figure 3.18: Synergy effect of efflux pump inhibitor PABN & Ciprofloxacin after biofilm
formation of isolate 294. *P for PABN doses (from 1 to 100 uM) ; C for Ciprofloxacin doses

(from 0.250 to 256 p/ml). **Numbers represent concentration values

Colony counts for efflux inhibitor (PABN) alone was 3.6 x 10° for 50 pM and 2.4 x 10° for 100

puM, respectively. In combination of PABN with ciprofloxacin (50 uM PABN and 64 pg/ml
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ciprofloxacin), growth of 6.00 x 108 CFU/ml was detected while control CFU/ml was 3.06 x
10%°. Two-log decrease in biofilm production was obtained when efflux inhibitor PABN used

together with ciprofloxacin (50 uM PABN and 64 ng/ml ciprofloxacin).

3.6. Activity of SPIONs as drug delivery agents

3.6.1. Effect of ciprofloxacin conjugated APTMS-SPION on planktonic cells and biofilm
Ciprofloxacin was selected as the model antibiotic for SPION conjugation. Figure 3.19a
demonstrates effect of APTMS-Ciprofloxacin on planktonic cells. Incubation with 25 ug/ml
APTMS-Ciprofloxacin resulted in OD of 0.643 while control OD value was found to be 0.802.

This dose of incubation did not cause significant decrease in bacterial growth (p=0.100).
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Figure 3.19: a) Effect of APTMS-Ciprofloxacin (AC) on planktonic cells of E.coli ST131 b)
Effect of APTMS-Ciprofloxacin (AC) on E.coli ST131 biofilm.

OD for control biofilm was 0.354 while that of 25 pg/ml APTMS-Ciprofloxacin was 0.142.

The reduction of biofilm production was not statistically significant (p=0.100).

3.6.2. Effect of 4-Aminophenyl a-D-mannopyranoside conjugated PAA-SPION on
planktonic cells and biofilm

4-Aminophenyl o-D-mannopyranoside was chosen as FimH binding molecule for targeted
PAA-SPION based delivery. First, mannoside was conjugated with ratio of 10% and FimH
targeted SPION effect both on planktonic cells and biofilm were examined. Figure 3.20 shows
dose dependent effect of PAA-Mannoside (10%) on planktonic cells of isolate 294.
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Figure 3.20: Effect of PAA-Mannoside (10%) (PM) on E.coli ST131 planktonic cells.

Mean OD value after incubation with 25 pg/ml PAA-Mannoside (10%) resulted in OD of 0.581,
that of 100 pg/ml incubation resulted in 0.556 and that of control OD was recorded as 0.793.
Incubation with 25 pg/ml PAA-Mannoside resulted in 73% growth reduction though it was not
statistically significant (p=0.100). Incubation with 100 pg/ml PAA-Mannoside did not cause

reduction in bacterial growth as well (p=0.200).

Biofilm assay results after incubation with PAA-Mannoside is shown in Figure 3.21. Mean OD
was 0.550 for control while it was 0.486 following incubation with 25 pg/ml PAA-Mannoside.
No significant decrease in biofilm production was obtained both for 25 and 100 pg/ml PAA-
Mannoside incubation (p=0.700 and p=0.700, respectively).
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Figure 3.21: Effect of PAA-Mannoside (10%) (PM) on E.coli ST131 biofilm.
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In order to make the delivery system more stable, we decided to use 30% mannoside in
conjugation with PAA SPION.

3.6.3. Effect of PAA-SPION with conjugation of 30% 4-Aminophenyl a-D-
mannopyranoside

Effect of increased ratio of mannoside was analyzed first on planktonic cells and shown in
Figure 3.22. Mean OD for 25 ug/ml PAA-Mannoside was found to be 0.255, that of 100 pg/ml
was 0.295 and for control mean OD was 0.303. Difference in bacterial growth was not

statistically significant in both doses (p=0.200, and 0.400, respectively).
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Figure 3.22: Effect of PAA-Mannoside (30%) (PM) on E.coli ST131 planktonic cells.

Figure 3.23 represents effect of 30% mannoside conjugation on biofilm production of E.coli
ST131 isolate. Mean OD of 25 ng/ml PAA-Mannoside was 0.261 (p=0.400), that of 100 png/ml
was 0.246 (p=0.400) while mean OD for control was 0.298. Biofilm production did not differ

significantly for different PAA-Mannoside concentrations.
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Figure 3.23: Effect of PAA-Mannoside (30%) (PM) on E.coli ST131 biofilm.

3.6.4. Effect of Ciprofloxacin/4-Aminophenyl a-D-mannopyranoside and PAA -SPION
conjugation of on planktonic cells and biofilm

Since isolate 294 was ciprofloxacin resistant, effect of 25 and 250 pg/ml PAA-Mannoside-
Ciprofloxacin was examined both on planktonic cells and sessile cells within biofilm. Figure

3.24 demonstrates the effect on planktonic cells.
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Figure 3.24: Effect of PAA-Mannoside-Ciprofloxacin (PMC) on E.coli ST131 planktonic cells.

Mean CFU/ml was 1.70x10'2 for 25 pg/ml PAA-Mannoside-Ciprofloxacin, for 250 pg/ml it
was 1.10x10* and for control mean CFU/ml was 4.32x10*2. Change in mean CFU/ml was not
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significant for both concentrations since at least 2-log change in mean CFU/ml was not

recorded.

Biofilm effect of same doses of PAA-Mannoside-Ciprofloxacin is given in Figure 3.25.
Incubation with both 25 pg/ml and 250 pg/ml PA A-Mannoside-Ciprofloxacin resulted in mean
CFU/mI of 1.66x10'° while control CFU was recorded as 3.24x10%°. Similar to planktonic
growth, biofilm production did not change significantly by PAA-Mannoside-Ciprofloxacin

incubation.
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Figure 3.25: Effect of PAA-Mannoside-Ciprofloxacin (PMC) on E.coli ST131 biofilm.

3.7. Imaging of SPION delivery system

3.7.1. Imaging of fluorescently tagged PAA/PAA-Mannoside/PAA-Mannoside-
Ciprofloxacin incubated E.coli ST131

Interaction of SPION delivery system by planktonic cells of E.coli ST131 is given in Figure
3.26. Incubation with 25 ng/ml PAA SPION did not reveal specific interaction of nanoparticle
delivery system (Fig. 3.26a) while with PAA-Mannoside nanoparticles directly interacted with
bacteria (Fig. 3.26b). For PAA-Mannoside-Ciprofloxacin, attachment was not observed
(Fig.26c¢).
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Figure 3.26: Effect of 25 pg/ml SPION, mannoside and ciprofloxacin combinations on
planktonic cells of E.coli ST131. a) PAA, bacteria and no nanoparticle b) PAA-Mannoside,
nanoparticles attached on bacterial cells ¢) PAA-Mannoside-Ciprofloxacin, bacteria only.
Green: Bacteria stained with Phalloidin FITC ; Red: SPION tagged with Alexa 647 ; 100X

Magnification

Dose of 250 ng/ml PAA/PAA-Mannoside/PAA-Mannoside-Ciprofloxacin was also examined
and is given in Figure 3.27. Interaction of nanoparticle was observed both with PAA alone and
mannoside conjugated PAA (Fig. 3.27a and 3.27b). Attachment of PAA-Mannoside-

Ciprofloxacin on bacterial planktonic cell was not observed for this dose (Fig. 3.27c).

3.27a) 3.27) 3.27¢)

Figure 3.27: Effect of 250 pg/ml SPION, mannoside and ciprofloxacin combinations on

planktonic cells of E.coli ST131. a) PAA, nanoparticles attached on bacterial cells b) PAA-

Mannoside, nanoparticles attached on bacterial cells ¢) PAA-Mannoside-Ciprofloxacin,
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bacteria only. Green: Bacteria stained with Phalloidin FITC ; Red: SPION tagged with Alexa
647 ; 100X Magnification

Interaction of SPION delivery with E.coli ST131 biofilm is represented in Figure 3.28. For the
dose of 25 pg/ml of PAA (Fig. 3.28a), PAA-Mannoside (Fig. 3.28b) and PAA-Mannoside-
Ciprofloxacin (Fig. 3.28c) combinations, nanoparticles were detected on the surface of biofilm

layer; however particles did not penetrate inside the biofilm.
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Figure 3.28: Effect of 25 pg/ml SPION,
mannoside and ciprofloxacin combinations
on E.coli ST131 biofilm

a) PAA, nanoparticles on biofilm surface
b)PAA-Mannoside,  nanoparticles  on

biofilm surface

c)PAA-Mannoside-Ciprofloxacin,
nanoparticles on biofilm surface. Green:
Bacteria stained with Phalloidin FITC ;
Red: SPION tagged with Alexa 647 ; 100X
Magnification




Effect of 250 pg/ml of PAA/PAA-Mannoside/PAA-Mannoside-Ciprofloxacin on E.coli ST131
biofilm is shown in Figure 3.29. In this dose, nanoparticles again no penetration was detected.
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Figure 3.29: Effect of 250 pg/ml SPION,
mannoside and ciprofloxacin

combinations on E.coli ST131 biofilm
a)PAA, nanoparticles on biofilm surface

b)PAA-Mannoside, nanoparticles on

biofilm surface

c)PAA-Mannoside-Ciprofloxacin,

nanoparticles on biofilm surface.

Green: Bacteria stained with Phalloidin
FITC ; Red: SPION tagged with Alexa
647 ; 100X Magnification




3.7.2. Specifity of SPION delivery system for E.coli ST131

Figure 3.30 demonstrates specificity of SPION delivery to E.coli ST131. In order to compare
specificity for ST131 isolate, SPION interaction (25 pg/ml) with one non-ST131 isolate (isolate
no: 27) and S.epidermidis ATCC 35984 was analyzed by confocal microscopy. PAA-
Mannoside showed no interaction with S.epidermidis (Fig. 3.30a), and weak interaction was

seen at few areas with non-ST131 isolate (Fig. 3.30b).

3.30a 3.30b

Figure 3.30: Effect of 25 pg/ml PAA-Mannoside on planktonic cells of S.epidermidis and Non-
ST131 isolate a) S.epidermidis b) Non-ST131 isolate (27) Green: Bacteria stained with
Phalloidin FITC ; Red: SPION tagged with Alexa 647 ; 100X Magnification

3.8. Effect of PTT application to the PAA SPION delivery system

3.8.1. Optimization of PTT conditions

Conditions such as laser power (range from 50, 100, 500 and 800 mW) and PTT exposure time
(5, 10 and 20 minutes) were optimized and results are given in Figure 3.31. Relative bacterial
growth from 0™ hour following PTT exposure to 24™ hour of exposure was compared. Laser

power range was 50 to 800 mW while exposure times were 5, 10 and 20 minutes.
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Figure 3.31: Optimization of PTT conditions for bacterial growth at a) 0" hour b) 24" hour

following PTT exposure
PTT had no effect on bacterial growth at different powers and exposure time.

3.8.2. Effect of PTT combined with PAA, PAA-Mannoside and PAA-Mannoside-
Ciprofloxacin on planktonic and biofilm cells of E.coli ST131

Figure 3.32 represents effect of PTT exposure on bacterial growth of planktonic cells following
PAA/PAA-Mannoside SPION incubation. No significant inhibition was obtained after PTT
exposure. The mean colony counts of control before and after PTT were 1.22x10%? and
3.55x10%2, respectively. Incubation with 25 pg/ml PAA resulted in mean CFU of 2.26x10*2 and
8.61x10* for with or without PTT exposure, respectively. Similarly 25 pg/ml PAA-Mannoside
did not cause significant growth inhibition with PTT; before CFU/ml was 9.89x10%! and after
CFU/ml was 2.99x10*2,
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Figure 3.32: Effect of PTT combined with PAA (PA) and PAA-Mannoside (PM) on planktonic
cells of E.coli ST131.
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Effect of PTT with SPION was examined for biofilm is demonstrated in Figure 3.33. Without
PTT exposure, mean CFU/ml was 7.76x10° for control while it was 4.79x10° after PTT. For 25
ng/ml SPION alone, before PTT mean CFU/ml was 2.04x10° and for after PTT it was
8.61x10°. For mannoside conjugated SPION before PTT, mean CFU/ml was 1.55x10%° while
it was 7.24x10° after PTT.
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Figure 3.33: Effect of PTT combined with PAA (PA) and PAA-Mannoside (PM) on E.coli
ST131 biofilm.

After investigation of PTT with PAA/PAA-Mannoside, effect of PAA-Mannoside-
Ciprofloxacin was studied in combination with PTT exposure. Figure 3.34 demonstrates the
effect of PTT and PAA-Mannoside-Ciprofloxacin on planktonic cells. For 25 pg/ml of PAA-
Mannoside-Ciprofloxacin, mean colony count was 1.70x10* CFU/m| before PTT whereas after
PTT this value was recorded as 4.47x10%2.
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Figure 3.34: Effect of PTT combined with PAA-Mannoside-Ciprofloxacin (PMC) on
planktonic cells of E.coli ST131.

PTT effect in combination with PAA-Mannoside-Ciprofloxacin for biofilm is shown in Figure
3.35. For 25 pg/ml PAA-Mannoside-Ciprofloxacin, mean colony count was 1.66x10'° CFU/ml
for before PTT whereas after PTT it was 2.88x10%.
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Figure 3.35: Effect of PTT combined with PAA-Mannoside-Ciprofloxacin (PMC) on E.coli
ST131 biofilm.
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4. DISCUSSION

Emerging multidrug resistance and limited antibiotic therapy options lead to search of
alternative approaches for infection treatment. Rapidly disseminating high risk clones of
Enterobacteriaceae members are reported worldwide and are found to be associated with
increasing rates of mortality and morbidity (Mathers, Peirano, & Pitout, 2015). E.coli ST131 is
one of the high-risk clones with multidrug resistance phenotype (Can, Kurt-Azap, Ispir, et al.,
2016; Dalhoff, 2012; Lopez-Cerero et al., 2014). In our previous study, this clone was found to
be associated with higher treatment failure (Can et al., 2015). Furthermore, high mortality rates
have been detected in bacteremia and urinary tract infection cases of E.coli ST131 due to several
virulence factors (Can, Kurt-Azap, Nurtop, et al., 2016). Altered FimH structure of ST131
makes this clone more virulent because of enhanced attachment on catheter surfaces and
uroepithelial cells. After adhesion, bacteria produces biofilm and cause persistent infections
(Krachler & Orth, 2013; Mydock-McGrane et al., 2017). The specific targeted therapy against
FimH protein could be considered as one of the promising future therapy approach for ST131

infections.

Our aim was to design a cargo system targeted to FimH protein for specific treatment of E.coli
ST131 infection. There are several studies which focused on preventing adhesion of bacteria
using FimH inhibitors (Guiton et al., 2012; Han et al., 2012). These inhibitors compete to bind
FimH protein so that instead of adhering on catheter surfaces or epithelial cells, FimH protein
binds to these molecules. Totsika et al. reported significant decrease in bacterial colonization
of E.coli ST131 on bladder when one mannoside analog was used orally in a mice model
(Totsika et al., 2013). Guiton et al. showed that activity of trimethoprim-sulfamethoxazole
significantly increased by mannoside analogs against uropathogenic E.coli strains and
significant protection against catheter associated UTI by prevention of bacterial invasion was
observed (Guiton et al., 2012).

Our study carried this approach one step further to use FimH inhibitors (mannosides) as delivery
molecules for targeted antimicrobial delivery. Combination of these molecules with
nanoparticles are a promising delivery system because once mannosides interact with their
target, nanoparticles can release encapsulated drugs if designed appropriately. Recent studies
revealed several examples of nanoparticle based antibiotic delivery (Forier et al., 2014; Serisier
etal., 2013; Stebbins et al., 2014). One other critical point for such delivery systems is targeted

penetration into biofilms. For instance, a liposome based delivery system penetrated into
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S.mutans biofilm more efficiently when combined with an agent targeting biofilm residues
(Forier et al., 2014).

In this study we selected SPIONSs as carrier nanoparticle for conjugation with mannosides to
target bacteria within infection site. SPIONSs are currently studied both for targeted cancer and
infection therapy. Sun et al reported significantly higher toxicity of drug loaded SPION for
nucleolin-overexpressing cancer cells (Sun et al., 2019). Compared to cancer research, SPION
approach for infection treatment is quite new. Leuba et al achieved significant biofilm
disruption in S.aureus by treating the biofilm with carboxylated SPIONs (Leuba et al., 2013).
A recent study investigated the surface properties of SPIONs and concluded that positively
charged SPIONs were more efficient to inhibit S.mutans biofilm (Javanbakht et al., 2016).
Although there are a few studies regarding use of SPIONSs for treatment of infection, there are
yet no study combining SPIONs with mannoside analogs to target directly bacterial adhesins.
We hypothesized that mannoside conjugated SPIONs could move towards to the infection site
and once mannoside molecules interact with bacteria, this cargo system releases the integrated

antimicrobial molecules.

In this study, we conjugated mannoside with PAA nanoparticles with 58 nm diameter.
Accumulation of mannoside conjugated SPION on the planktonic E.coli ST131 cell surface
was greater than that of SPION alone. Mannoside conjugated SPIONSs interacted with E.coli
ST131 at the dose of 25 pg/ml whereas accumulation of SPION alone was detected at 250
ug/ml. Moreover, we did not observe specific interaction of SPION delivery with S.epidermidis
and non-ST131 isolate (Figure 3.30). These results showed that mannoside specifically directs
nanoparticles through E.coli ST131bacterial cell wall (Cid Martin J-J., 2016). However, in
growth inhibition studies, neither SPION alone nor mannoside conjugated SPION caused
significant at least 2-log reduction in bacterial growth. After 24 hours of incubation, the mean
bacterial cell count was detected 1.22x10'2 CFU /ml for control, 2.26x10* with 25 pg/ml
SPION and 9.89x10% with 25 pg/ml SPION-mannoside.

In our system, we selected ciprofloxacin as the antimicrobial agent for optimization of delivery.
Even the E.coli strain was resistant to ciprofloxacin, our initial aim was to show successful
delivery of the drug through the bacterial cell wall. However in confocal imaging, we did not
observe direct interaction of ciprofloxacin conjugated nanoparticle with cell wall at the dose of
25 png/ml, and few adhered particles were detected at the dose of 250 pg/ml. These results
suggested us that ciprofloxacin might have blocked the binding sites of mannoside or changed
the ion charge of cargo system so that it could not efficiently target the bacterial cell wall.
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As we expected, ciprofloxacin integration to mannoside conjugated SPION did not cause
significant change in bacterial growth. The mean colony count was 1.70x10*2 CFU/ml after 24h
of incubation with ciprofloxacin-mannoside conjugated SPION (25 pg/ml) while that of control
was 4.32x10*2 CFU/ml for planktonic cells.

The effect of delivery system on biofilm was found to be similar to the effect on planktonic
cells. At the dose of 25 pg/ml mannoside conjugated and ciprofloxacin-mannoside conjugated
SPION the mean CFU/ml values were 1,55x10° and 1,66x10%, respectively whereas for
control it was 3,33x10%. Confocal images showed surface bound nanoparticles distributed all
over the biofilm but limited penetration into biofilm was observed. For increased accumulation
and penetration, nanoparticle might be modified in terms of surface properties to interact first
with biofilm matrix and then penetrate through the sessile cells. There are studies suggesting
that hydrophobic modification of SPION outer core might increase the efficiency for greater
interaction (Mu et al., 2016).

In recent cancer studies, nanoparticle based targeted drug delivery with other nanoparticles or
SPIONs was used in combination with PTT (Ibiyeye, Nordin, Ajat, & Zuki, 2019; Khan et al.,
2019; Sun et al., 2019). Sivakumar et al demonstrated the ablation capability of curcumin and
SPION encapsulated PLGA nanocapsule on PANC-1 and MIA PaCa-2 cancer cell lines
(Sivakumar B, 2017). Similarly, Khan et al reported the enhanced uptake of an anti-cancer drug
(gemcitabine) by pancreatic cancer cells with the use of curcumin conjugated SPION (Khan et
al., 2019). In another study, conjugation of SPIONs with aptamer-double stranded DNA and an
anti-cancer drug (daunomycin) was studied as a nanocarrier delivery system (Sun et al., 2019).
Authors stated that high cellular cytotoxicity of drug loaded nanocarriers to nucleolin-
overexpressing cancer cells. Along with cancer research, studies have already begun on
inhibitory effect of nanoparticles for bacterial infection combined with PTT exposure (Dai et
al., 2017). Dai et al. reported significant inhibition of levofloxacin resistant S. aureus, E. coli,
P. aeruginosa and B. amyloliquefaciens by combining incubation of a copper sulfide
nanocluster with PTT exposure. In a recent study, Ma et al. combined gentamicin loaded
nanoparticle cargo system with PTT and reported antibacterial efficacy of 99.93 % and 99.19
% against Escherichia coli and Staphylococcus aureus, respectively (Ma M., 2019). Findings
of this study also demonstrate that hyperthermia produced from nanocarrier and irradiation can
assist antibiotics to kill bacteria in a shorter time. We also combined our drug carrier system
with PTT.
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Our results revealed no significant bacterial inhibition following PTT exposure for neither
SPION alone, mannoside conjugated SPION nor ciprofloxacin-mannoside conjugated SPION
systems since change in mean CFU/ml values was not >2-log for neither of SPIONs. Other
studies presented bacterial inhibition with PTT in combination with various nanoparticles.
Martinez et al, for instance, reported significant decrease in both MIC and MBC of seven
different bacteria (E.faecalis, S.aureus, S. mutans, S. sobrinus, S. oralis, S. salivarius ve E.coli)
whereas Kim et al demonstrated significant inhibition of E.coli HCB33 biofilm mass by
combining gold nanorod incubation with PTT at 808 nm for 5 minutes (Castillo-Martinez, 2015;
Jo & Kim, 2013). Possible reason that we could not obtain bacterial inhibition with PTT might
be limited interaction of the cargo system with bacterial cell wall. Surface charge of the
carboxylic acid coated SPION might be altered to obtain more efficient interaction of the

nanoparticle with negatively charged bacterial wall.

We used 808 nm laser in our experiments; however, there are some studies suggesting that
shorter wavelengths (i.e. 655 or 671 nm) are more efficient for inhibition since absorption is
higher for these wavelengths (Chu et al., 2013). Another important concern about PTT is
incomplete thermal ablation due to non-uniform heat (Yan et al., 2016). However, when
combined with nanoparticles, approach is more controllable and localized. In one study for
instance, MRSA biofilm was significantly disrupted using gold nanorods and PTT while
neighbor host tissues remained undamaged (Hu et al., 2017). In our study, PTT was applied
both at 800 and 1150 mW power at near IR (808 nm) but their bacterial growth inhibition effects
were found to be similar. Mean OD of control at the 24™ hour was 0.72 and 0.60 for 800 and
1150 mW, respectively. Heat generated during PTT should be monitored real time so that level
of thermal ablation can be recorded to be certain whether each site of target (i.e. cancer tissue
or infection site) is damaged or not. Besides these points, cytotoxicity of SPIONSs is critical as
well. Toxicity of the SPIONs used in our study was examined on HeLa cell line and particles
were found to be non-toxic at a concentration of 2 mg/ml (Bilici, Muti, Demir Duman,
Sennaroglu, & Yagci Acar, 2018).

Our results suggested us that, modification of SPION should be our next step. Thus, we
combined our nanoparticle with indocyanine green dye which isa PTT agent (Kuo et al., 2012;
Ocsoy, Isiklan, Cansiz, Ozdemir, & Tan, 2016). Our preliminary study resulted in significant
bacterial inhibition (up to 4-log decrease) of planktonic and sessile cells of E.coli,

K.pneumoniae, P.aeruginosa and S.epidermidis after PTT application.
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Here, we reported SPION and mannoside based drug delivery system targeted for planktonic
and biofilm growing E.coli ST131 cells. Future goal of this study is integration of various
antimicrobial molecules to mannoside conjugated SPIONs for specific treatment of ST131
infections. Efflux pump inhibitors, quinolones and quinolone derivative, gyramide, are
candidates that will be combined with SPION cargo to achieve more efficient bacterial killing
with localized drug release. Such an approach is promising for the treatment of acute or

persistent E.coli ST131 infections.
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