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RESUMO

OSUNGUNNA, M. O. Efeito de carreador lipidico nanoestruturado contendo
guitosana em células livres e biofilme de Escherichia coli. 2019. 73p. Tese
(Doutorado). Faculdade de Ciéncias Farmacéuticas de Ribeirdo Preto - Universidade
de S&o Paulo, Ribeirdo Preto, 2019.

A infeccdo do trato urinario (ITU) é a infeccdo mais comum em nivel hospitalar,
sendo o0s cateteres urinarios responsaveis por desenvolver o risco de bacteriuria, 0
que pode agrava-la. Esta infeccdo geralmente esta relacionada a formacdo de
biofilme na superficie interna e externa do cateter. A bactéria uropatogénica
Escherichia coli continua sendo o microrganismo mais isolado em cateteres e seus
biofilmes séo estudados de forma a desenvolver estratégias de controle das ITUs. O
presente estudo examinou o efeito de um sistema de liberagdo nanoestruturado
contendo quitosana no crescimento de biofilmes uropatogénicos de E. coli. Este
trabalho foi dividido em duas etapas, sendo a primeira uma comparacao de biofilmes
crescidos nas superficies mais utilizadas nos modelos de biofilme in vitro e a
segunda a avaliacdo da suscetibilidade de células livres e biofilme de E. coli exposto
a um carreador lipidico nanoestruturado contendo quitosana (CLN-quitosana).
Assim, biofilmes de E. coli foram formados em cateter, laminas de vidro ou placas de
cultura de células por 5 dias, sendo a composicdo do biofilme avaliada. Na segunda
etapa do trabalho, a CLN-quitosana foi preparada usando o método de emulséo e
sonicacdo, sendo caracterizada em relacdo ao tamanho de particula, indice de
polidispersividade e potencial zeta. Ap0s a determinacdo das concentracdes
inibitérias minimas (CIM) e bactericidas (CBM), os biofiimes de E. coli foram
crescidos em cateter. Apds 48, 72, 96 e 120 horas de crescimento, os biofilmes
foram expostos a solucéo de NaCl a 0,9% (controle negativo), solucao de clorexidina
a 0,12% (controle positivo) e CLN-quitosana (concentragéo final de quitosana de
0,28%). Apés 24 horas de tratamento, os biofilmes foram coletados para analise de
viabilidade bacteriana. Os dados foram analisados estatisticamente pelo teste de
Tukey-Kramer ou Tukey, com nivel de significancia de 5%. A viabilidade bacteriana
foi maior no cateter em comparacdo com laminas de vidro ou placas de cultura (p
<0,05) e a menor contagem bacteriana foi observada na lamina de vidro (p <0,05).
Embora as concentracdes de carboidratos tenham sido menores no biofilme formado
no cateter (p <0,05), ndo foram observadas diferencas estatisticamente significativas
na quantificacdo de proteinas para os grupos cateter e placa de cultura (p>0,05) ou
entre as laminas de vidro e a placa (p> 0,05). Em relacdo a segunda etapa do
trabalho, a preparacdo de CLN-quitosana apresentou distribuicdo bimodal de
tamanho de particula com tamanho médio de 2929 + 2,5 nm, indice de
polidispersividade de 0,24 + 0,03 e potencial zeta positivo (+19,1 + 0,2), indicando o
revestimento de nanoparticulas pela quitosana. A analise dos valores de CIM e CBM
revelou que a formulacgéo inibiu o crescimento bacteriano e exerceu agao bactericida
em concentracdes 100 vezes maior do que a necessaria para o digluconato de
clorexidina (controle positivo). Comparado com os grupos controle, a CLN-quitosana
afetou a viabilidade bacteriana dos biofilmes em todas as idades avaliadas (p<0,05).
Sendo assim, os resultados sugerem que o cateter € a superficie adequada para
estudar biofiimes de E. coli. Tanto as células livres quanto os biofilmes foram
afetados pelo CLN-quitosana. No futuro, o cateter urinario pode ser utilizado como
modelo para estudar ITUs com populagdes mistas de bactérias e o efeito de CLN-
guitosana ou de sua associagcdo com outros antimicrobianos podera ser avaliado.

Palavras-chave: Uropatdgeno, Biofilme, Cateter, Quitosana, Carreador lipidico
nanoestruturado.



ABSTRACT

OSUNGUNNA, M. O. Effect of nanostructured lipid carrier containing chitosan
on free cells and biofilm of Escherichia coli. 2019. 73p. Thesis (Doctorate).
Faculty of Pharmaceutical Sciences of Ribeirdo Preto — University of Sdo Paulo,
Ribeirdo Preto, 2019.

Urinary tract infection (UTI) is the most common hospital acquired pathological
process and indwelling urinary catheters increase the risk of bacteriuria, which can
progress to a serious condition. This infection usually follows formation of biofilm on
both the internal and external catheter surface. The uropathogenic bacteria
Escherichia coli is the most common infecting microorganism on catheter and its
biofilms have been studied as a platform to select strategies to control UTIs. The
present study examined whether a nano delivery system containing chitosan affected
the growth of uropathogenic biofilms of E. coli. This work was divided in two stages,
the first involved comparing adhesion surfaces most used in in vitro biofilm models
and the second evaluated the susceptibility of free cells and biofilm of E. coli to a
nanostructured lipid carrier coated with chitosan (NLC-chitosan). Thus, E. coli
biofilms were formed on catheter, glass slides or tissue culture plates for 5 days and
the composition of biofilm was evaluated. In the second stage of the work, NLC-
chitosan was prepared using the emulsion and sonication method, and further
characterized with respect to particle size, polydispersity index, and zeta potential.
After determining the minimum inhibitory (MIC) and bactericidal concentrations
(MBC), E. coli biofilms were grown on catheter specimens. At the 48, 72, 96, and 120
hours of growth, biofiims were exposed to 0.9% NaCl solution (negative control),
0.12% chlorhexidine solution (positive control), or NLC-chitosan (final chitosan
concentration of 0.28%). After 24 hours of treatment, the biofilms were collected to
analyze their bacterial viability. Data were statistically analyzed by Tukey-Kramer or
Tukey test with a level of significance of 5%. Bacterial colony viability was higher in
catheter compared to glass slides or plates (p<0.05) and the lowest bacterial count
was observed for glass slide (p<0.05). Although concentrations of carbohydrate were
lower in biofilm formed on catheter (p<0.05), no differences were observed between
catheter and plate (p>0.05) as well as glass slides and plate (p>0.05) for protein
guantification. Regarding second work stage, NLC-chitosan preparation had bimodal
particle size distribution with mean size of 292.9 + 2.5 nm and polydispersity index of
0.24 + 0.03, and positive zeta potential (+19.1 + 0.2) indicating the nanoparticle
coating by chitosan. Analysis of MIC and MBC values revealed that formulation
inhibited bacterial growth and exerted bactericidal action at concentrations 100 times
higher than those required for chlorhexidine digluconate (positive control). Compared
with the control groups, NLC-chitosan affected bacterial colony viability of biofilms at
all ages studied (p<0.05). The results suggest that catheter is a proper surface to
study E. coli biofilm compared to either glass slides or polystyrene plates. In addition,
both free cells and biofilms of E. coli were significantly affected by NLC-chitosan,
which can be a feasible approach for studies using uropathogenic bacteria. In future,
urinary catheter can be used as model to study simulated UTIs, using mixed
populations of bacteria, and the effect of NLC-chitosan or its association with other
antimicrobial agents evaluated.

Keywords: Uropathogen, Biofilm, Catheter, Chitosan, Nanostructured lipid carrier
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1 INTRODUCTION

The use of indwelling medical devices is one of the major causes of urinary
tract infections (DOLAN, 2001). The risk of developing a catheter-associated
infection increases by approximately 10% each day the catheter is in place
(PERCIVAL et al., 2015), and its treatment is challenging because uropathogenic
microorganisms adhere to and accumulate on the surfaces of this medical device,
producing biofilms (WI; PATEL, 2018).

Biofilms are communities of microorganisms attached to biotic or abiotic
surfaces (KUMAR et al., 2017). Several studies have tested catheter as surface to
form uropathogenic biofilms but other surfaces such as glass and tissue culture
plates also have been used (LEBEAUX et al., 2013). Probably, these surfaces could
have significant impacts on biofilm formation and its composition. One of the major
features of biofilms is the self-production of extracellular polymeric substances
composed of biomolecules such as polysaccharides and proteins that help to protect
the microorganisms from external threats, including antimicrobials (KUMAR et al.,
2017). In this sense, the development of delivery systems using nanotechnology
could be a feasible approach to inhibit biofilm formation or control its growth.

Nanostructured lipid carriers (NLCs) consist of an unstructured solid lipid
matrix formed by a mixture of solid and liquid lipids and an aqueous phase containing
a surfactant or a mixture of surfactants (BELOQUI et al., 2016), showing advantages
such as easy production, low costs and high stability (BUGNICOURT; LADAVIERE,
2017). As the unexpected growth of lipid nanoparticles limits their stability, adsorption
of chitosan chains to nanoparticles has been used as a promising strategy to improve
the formulation stability and bioadhesion (BUGNICOURT; LADAVIERE, 2017).

Chitosan is a biodegradable polysaccharide extracted from crustacean shells
that is not toxic to animals and humans (MUXIKA et al., 2017). Chitosan and its
derivatives have many pharmaceutical applications due to their antimicrobial activity
(ALl; AHMED, 2018; CASADIDIO et al.,, 2019). Considering that the antimicrobial
action of “chitosan/lipid” associations on uropathogenic biofilms has not been
established in the literature, the present study examined whether cationic NLC
covered with chitosan (NLC-chitosan) exert antimicrobial effect against biofilms
of Escherichia coli, which is one of the most representative bacterial species in

catheter-associated urinary tract infection.
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2 LITERATURE REVIEW

2.1. URINARY TRACT INFECTIONS (UTlIs)

Urinary Tract Infections (UTIs), a major problem of catheterization, have been
defined as the presence of significant levels of bacteria in urine, typically 10* — 10°
colony forming units (CFU/mL) (HILBERT, 2011). UTls affect about 150 million
people each year worldwide (STAMM; NORRBY, 2001) and account for a high cause
of morbidity in infant boys, older men, and females of all ages (FLORES-MIRELES et
al., 2015).

UTIs may be with (symptomatic) or without (asymptomatic) symptoms.
Symptomatic UTIs can be classified clinically as uncomplicated or complicated.
Uncomplicated UTIs affect healthy individuals with no structural or neurological
urinary tract abnormalities (NIELUBOWICZ; MOBLEY, 2010; HOOTON, 2012).
These can be differentiated into lower UTIs (cystitis) and upper UTIs (pyelonephritis)
(HANNAN et al., 2012; HOOTON, 2012) of which acute pyelonephritis is the most

pressing. Figure 1 shows the urinary tract.

Figure 1: The urinary tract

- Kidney

Ureter

- Bladder

Urethra

Obtained from FENELEY, R. C. L.; HOPLEY, I|. B.; WELLS, P. N. T. Urinary catheters:
history, current status, adverse events and research agenda. J Med Eng Technol, London,
v. 39, n. 8, p.459-470, 2015



Infection of one or both kidneys usually results from the ascent of
microorganisms from the bladder through the ureter and is distinguished from other
UTIs clinically, pathologically, and by characteristics of the causative microorganisms
(WARREN, 2001). The patient with acute pyelonephritis classically presents the triad
of fever, flank pain, and bacteriuria with or without diaphoresis, rigors, abdominal or
groin pain, and nausea and vomiting.

Cystitis is often defined by the presence of 10° bacteria per milliliter or more in
a midstream clean-catch urine sample from a patient with symptoms (FARO,;
FENNER, 1998; WARREN; ABRUTYN; HEBEL, 1999). Cystitis indicates that there is
bladder involvement, and the symptoms include dysuria, urgency, frequency,
suprapubic pain, incontinence, and malodorous urine. Cystitis may not cause fever
and does not result in renal injury, unlike pyelonephritis (OYELAMI et al., 2005).
Some of the risk factors associated with cystitis, include female gender, a prior UTI,
sexual activity, vaginal infection, diabetes, obesity, and genetic susceptibility
(HANNAN et al., 2012; FOXMAN, 2014).

Complicated UTls, on the other hand, are associated with factors that
compromise the urinary tract or host defense, among which is catheterization
(LICHTENBERGER; HOOTON, 2008; LEVISON; KAYE, 2013). Reports indicate that
70% of UTlIs are associated with urinary catheters (BURTON et al., 2011; WEBER et
al., 2011). However, about 20% of patients will suffer a catheterization during their
hospital stay, especially in intensive care units (SAINT; LIPSKY, 1999).

Nonetheless, the duration of the catheterization is a critical risk factor towards
the development of catheter-associated urinary tract infections (CAUTI). Almost all
long-term catheterized (>28 days) patients develop a CAUTI, whereas in short-term
(<7 days) catheterized patients only 10-50% develop an infection (MORRIS;
STICKLER; MCLEAN, 1999). CAUTIs account for up to 40% of hospital-acquired
infections (SAINT et al.,, 2008) in the USA. In Brazil, however, crude mortality of
patients with CAUTI was 30%, with extra mortality of 10.7% (SALOMAO et al., 2008).

Asymptomatic bacteriuria (ABU) on the other hand, has been defined as the
colonization of urine by microorganisms in the absence of clinical symptoms (ROOS
et al., 2006). ABU patients may carry a large number of bacteria, more than 10°
CFU/mL, for months or years without developing symptoms. If left untreated in
pregnant women, ABU can result in symptomatic UTI and cause renal injury despite
being benign (OYELAMI et al., 2005).



Most patients with ABU do not need treatment, and in many cases the
colonizing microorganism helps to prevent infection by other more virulent bacteria
(HULL et al., 2000; DAROUICHE et al., 2001). The prevalence of ABU is determined
by age, gender, sexual activity, and the presence of genitourinary abnormalities.
Asymptomatic bacteriuria, at the rate of 3% to 5%, is commonly detected in women
aged up to 60 years. It is more common in diabetic patients and the elderly (LIN,
2008).

Several species of bacteria have been implicated in the pathogenesis of UTIs
but the most common infecting microorganism is Escherichia coli (HOOTON et al.,
2010).

2.2 UROPATHOGENIC Escherichia coli (UPEC)

E. coli, a predominantly Gram-negative and facultative anaerobe in the bowel,
is widely distributed in the intestine of humans and warm-blooded animals where
they maintain the physiology of the healthy host (NEILL et al., 1994; CONWAY,
1995). E. coli is one of the many members of the Enterobacteriaceae family (EWING,
1986), which includes many genera, including known pathogens such
as Salmonella, Shigella, and Yersinia. Although E. coli can be found as normal
microbiota in the intestines of humans, it does not suggest that all E. coli are
innocuous, as many strains of E. coli are pathogenic, causing many infectious
diseases in humans as well as animals and birds.

Pathogenic E. coli can be classified into intestinal pathogens causing diarrhea,
and extra-intestinal E. coli causing a diversity of infections in both humans and
animals including UTIs, meningitis and sepsis (KAPER; NATARO, 2004). The most
common extra-intestinal E. coli infections are UTIs, which are caused by
uropathogenic E. coli (UPEC).

About 80 — 90% of community-acquired UTIs are caused mainly by UPEC
(FOXMAN, 2014; FLORES-MIRELES et al., 2015). UPEC express some virulence
factors such as pathogenicity islands, fimbriae, aerobactin, serum resistance, and
encapsulation, which contribute to their pathogenicity and colonization (KAPER;
NATARO; MOBLEY, 2004). However, four main UPEC phylogroups (A, B1, B2, and
D) have been identified by the occurrence and the expression of these virulence
factors (BIEN; SOKOLOVA; BOZKO, 2012). Usually, many of these virulence factors



are found in varying percentages among various subgroups of UPEC (JOHNSON;
STELL, 2000) and are required for UPEC to cause UTIs (HANNAN et al., 2012).

The various processes and stages involved in UPEC causing UTIs include (a)
colonization of the periurethral, vaginal areas, and urethra by UPEC; (b) ascending
into the bladder lumen and growth as planktonic cells in urine; (c) adherence to the
surface and interaction with the bladder epithelium defense system; (d) biofilm
formation; (e) invasion and replication by forming bladder intracellular bacterial
communities (IBCs) where quiescent intracellular reservoirs are developed and
reside in the underlying urothelium; (f) kidney colonization and host tissue damage
with increased risk for bacteremia/sepsis (FLORES-MIRELES et al.,, 2015;
SPAULDING; HULTGREN, 2016).

Replication of bacteria in the IBC can easily reach as many as 10° bacteria per
cell; furthermore, bacteria in the IBC undergo morphological changes, flux out of the
infected cell, and go on to infect neighboring cells (FLORES-MIRELES et al., 2015;
SPAULDING; HULTGREN, 2016). The flushing of urine removes most of the
invading bacteria, along with UPEC-filled exfoliated bladder epithelium cells (KAPER;
NATARO; MOBLEY, 2004). Colonization of the bladder by UPEC is performed by
using a variety of virulence factors, among which biofilm development is critical
(ZALEWSKA-PIATEK et al., 2009).

2.3 BIOFILMS

Biofilm can be defined as a microbially derived sessile community
characterized by cells that are irreversibly attached to a substratum or interface or
each other, are embedded in a matrix of extracellular polymeric substances (EPS)
that they have produced, and exhibit an altered phenotype with respect to growth
rate and gene transcription (DOLAN; COSTERTON, 2002).

The self-produced EPS, although varying in their compositions with respect to
the biofilm-forming bacteria, perform the same roles which include dissemination of
nutrients that are necessary for cell growth (CHENG et al., 2007), trapping of external
nutrients that are required for cell sustenance (CHENG et al., 2007), and protection
from external stress compared to planktonic bacteria (PANG et al.,, 2005).
Components of EPS include extracellular polysaccharides, proteins and DNA.
Additionally, some bacteria produce other substances which make their matrix

unique. For example, cellulose has been reported to be a crucial component of the



extracellular matrix of Salmonella typhimurium and Escherichia coli (ZOGAJ et al.,
2001; SOLANO et al., 2002).

Extracellular polysaccharides can be capsular or exopolysaccharides. The
polysaccharides that remain associated with the cell following cellular harvest and
centrifugation are capsular while those in the supernatant are exopolysaccharides
(BRANDA et al., 2005). Diverse benefits that have been ascribed to the
polysaccharide component of the biofilm matrix include adhesion, protection, and
structure (LIMOLI; JONES; WOZNIAK, 2015).

On the other hand, biofilm matrix proteins play diverse roles in biofilm
formation and dissolution. They are involved in attaching cells to surfaces, stabilizing
the biofilm matrix via interactions with exopolysaccharide and nucleic acid
components, developing three-dimensional biofilm architectures, and dissolving the
biofilm matrix via enzymatic degradation of polysaccharides, proteins, and nucleic
acids (FONG; YILDIZ, 2015). In addition, the role of extracellular DNA in the
establishment of biofilm structure cannot be understated (WHITCHURCH et al.,
2002).

Biofilm formation offers protection against antibiotics (GOLDBERG, 2002),
disinfectants (PENG; TSAI; CHOU, 2002), and the dynamic environment (CHEN,
1998) with protection from environmental insults and assaults being foremost
(DAVEY; O'TOOLE, 2000). Despite obvious similarity in some components of the
biofilm matrix, it is noteworthy that structurally, developed biofilms are not
homogeneous monolayers of microbial cells on a surface, but rather heterogeneous
in both time and space (LEWANDOWSKI, 2000).

2.4 SURFACES FOR BIOFILM FORMATION

Biofilm development requires the presence of microbes and a surface for
attachment. The absence of either of these two essential requirements means that a
biofilm will not form (DUNNE, 2002). Attachment, the first stage in biofilm formation,
of a bacterium to a surface is governed by two events: (i) that a bacterium accesses
a surface and comes in close contact for attachment to occur and (ii) that the outer
surface of a bacterium adheres to the surface (substratum) (FLETCHER; LOEB,
1978). The possibility of a bacterium accessing a potential surface depends on many
factors such as culture concentration and bacterial motility, whereas attachment is

dependent upon the chemical and physical interactions between the potential



surface, the bacterial surface, and the polymeric adhesive (FLETCHER; LOEB,
1978).

The extent of surface colonization by bacteria depends on the characteristics
of the surface such as the surface smoothness/roughness as well as the
hydrophobicity/hydrophilicity of the surface. It has previously been reported that the
extent of microbial colonization increases as the roughness of the surface increases
(CHARACKILIS et al., 1990). This increase can be attributed to a decrease in shear
forces and an increase in surface area as surface roughness increases. However,
subsequent studies with wild and fully adherent bacterial strains showed that smooth
surfaces are colonized as easily as rough surfaces and that the physical
characteristics of a surface influence bacterial adhesion to only a minor extent
(COSTERTON et al., 1995).

Hydrophobicity of the surface is another property that determines the extent of
microbial colonization. Surfaces differ in their degree of hydrophobicity hence their
ability to support bacterial attachment. Surfaces have been classified into three types
based on their degree of hydrophobicity, into hydrophobic, polymers of increased
wettability, and hydrophilic surfaces (FLETCHER; LOEB, 1978). Hydrophobic
materials include nonpolar polymers with no ionogenic functional groups and whose
surface charge, if any, arises from low-level impurities or through
adsorption/desorption of ions from a surrounding medium (HAYDON, 1964).
Examples include Teflon, polyethylene, and polystyrene (PS). These materials have
been reported to bear a large number of attached bacteria and are usually covered
within 2 h with a monolayer of bacteria (FLETCHER, 1977). It is noteworthy that
hydrophobicity of a surface can vary markedly depending on the molecules in the
conditioning film (AN; DICKSON; DOYLE, 2000; BOLAND; LATOUR;
SUTZENBERGER, 2000).

Polymers of increased wettability may contain significant quantities of polar
groups. The polar groups are typically introduced by radiofrequency discharge, and
some of the polar groups may bear negative charges such as carboxyl and phenolic
groups (COOPER; PROBER, 1960; OWENS, 1975). Examples include Nylon 6.6,
poly (ethylene terephthalate) (PET), and epoxy resin. PS and PET may be treated to
the extent that their receding water contact angles approach zero through

commercial processing, for example Falcon tissue culture products. Hydrophilic
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surfaces such as glass are made of inorganic materials and have a zero water
contact angle (FLETCHER; LOEB, 1978).

Notwithstanding the hydrophobicity of the surface for bacterial attachment, the
hydrophobicity of the bacterial cell surface also plays a role in its adhesion to biotic
and abiotic surfaces as well as its penetration of the host tissues (GOULTER et al.,
2009; HEILMAN, 2011). The more hydrophobic cells adhere more strongly to
hydrophobic surfaces, while hydrophilic cells strongly adhere to hydrophilic surfaces
(KOCHKODAN et al.,, 2008; GIAOURIS et al.,, 2009). When two hydrophobic
surfaces interact, they tend to become attached by removing the water molecules
between them (HERRMANN et al., 1988).

Considering the heterogeneity of the microbial population, a mixed culture of
hydrophilic and hydrophobic cells suggests that only part of them will participate in
the adhesion, depending on the type of surface (KRASOWSKA; SIGLER, 2014). It is
important to note however, that microorganisms can switch between hydrophobic
and hydrophilic phenotypes in response to changes in environmental conditions
(temperature, nutrient composition, etc.) and growth phases (BORECKA-
MELKUSOVA; BUJDAKOVA, 2008; BUJDAKOVA et al.,, 2013). This observation
may reinforce the earlier submission that the hydrophobicity of the surface plays a
more prominent role in bacterial adherence than the hydrophobicity of the bacteria
(PAVITHRA; DOBLE, 2008).

A multitude of studies exist where bacterial attachment (biofilm growth) to
different surfaces has been studied with different bacterial species under different
conditions. However, in evaluating surfaces for biofilm formation, two primary goals
are possible. The first is to determine the suitability of the surface for research
purposes with a view to selecting the best surface for the microorganism of choice.
This became necessary because apart from providing suitable growth requirements,
the natural habitat of the microorganism must be mimicked to minimize both
phenotypic and genotypic variations as a result of a difference in real and
experimental environments (BRANDA et al., 2005; RUMBAUGH; AHMAD, 2014).

The second goal in the attachment studies has been to invent colonization
resistant surfaces. While surfaces or surface coatings that retard bacterial adhesion
have been described, none have been developed that prevent it entirely (DUNNE,

2002). However, despite encouraging laboratory tests in the discovery of surfaces
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that are inherently resistant to bacterial colonization, practical tests have been
disappointing (COSTERTON; LAPPIN-SCOTT, 1995).

In practice, medical implants such as catheters are usually made from
hydrophobic materials (silicon, stainless steel, Teflon, etc.). It therefore follows that
hydrophobic, rather than hydrophilic microorganisms will attach easily to this surface
(KRASOWSKA,; SIGLER, 2014) and may explain the close association between E.
coli and catheter-associated infections. However, effective and successful
management of biofilm-associated infections requires that the mechanism of biofilm

formation as well as control strategies be understood.

2.5 BIOFILM FORMATION AND CONTROL STRATEGIES

Biofilm formation requires the presence and interaction of microbes and
surface (biotic or abiotic). The stages involved in biofilm formation are exemplified in
Figure 2. The first stage in biofilm formation is an attachment to a surface, which can
be reversible or irreversible. The reversible attachment, also known as docking
phase, is governed by some physiochemical parameters that characterize the
association between the bacterial cell surface and the conditioned surface of interest
(AN et al., 2000). Docking depends on the net sum of attractive or repulsive forces
generated between the two surfaces when the microorganism is brought into
proximity to the surface, with the microorganism being propelled randomly or via
chemotaxis and motility (DUNNE, 2002).

Figure 2: Stages involved in biofilm development
2
Q\%@Q’Q

Reversible=- irreversible attachment

Microcolonies formation

Biofilm maturation

Obtained from MARKOWSKA, K; GRUDNIAK, A. M.; WOLSKA, K. I. Silver nanoparticles as
an alternative strategy against bacterial bioflms. Acta Biochim Pol, Warszawa, v. 60, n. 4, p.
523-530, 2013.
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These forces include electrostatic and hydrophobic interactions, steric
hindrance, van der Waals forces, temperature, and hydrodynamic forces
(CARPENTIER; CERF, 1993). Because most bacteria and inert surfaces are usually
negatively charged, electrostatic attractions tend to favor repulsion (CARPENTIER;
CERF, 1993). The situation, however, differs where the microorganism assumes an
overall positive charge at a physiological pH thereby promoting docking to negatively
charged materials e.g. Teflon. Hydrophobic interactions tend to have a more
significant influence on the outcome of the docking phase (CARPENTIER; CERF,
1993).

Reversible attachment is usually followed by irreversible attachment, often
called the locking step, and it is usually molecularly mediated using cell-produced
adhesin. This stage is made possible because physical bacteria appendages
(flagella, fimbriae and pili) have been able to overcome the physical repulsive forces
of the electrical double layer (DE WEGER et al., 1987) thereby making contact with
the bulk lattice of the conditioning layer, stimulating chemical reactions such as
oxidation and hydration (GANESH; ANAND, 1998) thus consolidating the bacteria-
surface bond. At this stage, the adhesion process becomes consolidated either by
loosely bound microorganisms through the production of exopolysaccharides that
complex with surface materials, or receptor-specific ligands located on pili, fimbriae,
and fibrillae, or both mechanisms (DUNNE, 2002).

After this stage, the microorganism is attached firmly to the surface like a
cocoon on a leaf because adhesion becomes irreversible in the absence of physical
or chemical intervention (DUNNE, 2002). The attachment process can be affected by
many interrelated factors such as the roughness and smoothness of the surface,
nature and properties of the aqueous medium such as the pH, nutrient levels, ionic
strength, and temperature as well as the characteristics of the cell surface such as
hydrophobicity, presence of fimbriae/flagella, and production of EPS (DOLAN, 2001).

Following irreversible attachment of bacteria to the surface, the process of
biofilm growth and maturation begins. This stage is characterized by an overall
increase in density and complexity of biofilm due to active replication of surface-
bound bacteria, interaction of extracellular components generated with organic and
inorganic molecules in the immediate environment to create EPS, and domination
over physical and chemical contribution to attachment by a biological process
(DUNNE, 2002).
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However, some factors such as the availability of nutrients in the immediate
environment, the perfusion of those nutrients to cells within the biofilm, and waste
removal do limit the growth potential of any bacterial biofilm. Nonetheless, an
optimum hydrodynamic flow that favors growth and perfusion rather than erosion of
the outermost layers does exist (CARPENTIER; CERF, 1993). Other factors that
control biofilm maturation include internal pH, oxygen perfusion, carbon source, and
osmolarity (O'TOOLE; KOLTER, 1998).

The increase in cell density and complexity continues until a critical mass is
reached where a dynamic equilibrium begins to generate planktonic microorganisms
from the outermost layer of growth, being the farthest from the surface. The
microorganisms generated can escape the biofilm and colonize other surfaces
(PETROVA; SAUER, 2016). Cells nearest the surface are characterized by reduced
growth and metabolic activities due to a lack of nutrients or perfusion, decreased pH,
pO,, or an accumulation of toxic metabolic by-products (PROSSER et al., 1987).

Cell-cell signaling molecules, such as acylated homoserine lactones, which
control population density-dependent gene expression may regulate the processes of
initial development, maturation, and breakdown of a biofilm (DAVIES et al., 1998).
Once fully matured, altered patterns of bacterial growth, physiological cooperation,
and metabolic efficiency, all of which provide a form of functional communal
coordination that imitates primordial eukaryotic tissue, can be generated by biofilm
(COSTERTON et al., 1987). Several control strategies, preventive and curative, have
been developed for biofilm control. While preventive strategies target the prevention
of biofilm formation, curative measures target the formed mature biofilms.

Preventive measures include (i) stoppage of bacteria attachment; (ii) stoppage
of biofilm growth; (iii) blockage of biofilm matrix synthesis; and (iv) disruption of cell-
cell communication. Curative measures on the other hand, include (i) killing of mature
biofilm; (ii) promotion of mature biofilm detachment; and (iii) binding and elimination
of mature biofilm (FRANCOLINI; DONELLI, 2010).

However, to date, no known strategy can successfully prevent or control the
formation of unwanted biofilms without causing adverse side effects (SIMOES;
SIMOES VIERA, 2010). The success of biofilm control depends on the
understanding of the mechanisms leading to biofilm formation (FRANCOLINI,
DONELLI, 2010). However, both preventive and curative measures can be achieved

through the use of antimicrobial agents, which can be conventional antibiotics or
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natural source agents. However, the use of conventional antibiotics in biofilm control
has been curtailed due to resistance of biofilm to some of the conventional

antibiotics.

2.6 ANTIMICROBIAL SUSCEPTIBILITY IN BIOFILMS

The same strain of bacteria when grown as planktonic and biofilm will differ in
their susceptibilities to the same antibacterial agent (ANDERL; FRANKLIN;
STEWART, 2000). This is an indication that the standard mechanisms of resistance
in planktonic bacterial cells such as efflux pumps, modifying enzymes, and target
modifications (WALSH, 2000) are not responsible for antibacterial resistance in
biofilms. In addition, antibiotic resistance of bacteria in biofilms is easily reproduced
in vitro, showing that host factors are not required for this manifestation of biofilm
defense (STEWART, 2002).

The existence of gene coding for multiple antibacterial resistance in biofilms
has no vital role in mediating biofilm resistance to an antibacterial agent (BROOUN;
LIU; LEWIS, 2000; MAIRA-LITRAN; ALLISON; GILBERT, 2000). This underscores
the fact that resistance in biofilms is not always acquired by mutations or mobile
genetic elements (ANWAR et al., 1989; WILLIAMS et al., 1997).

Antibiotic sensitivity is usually quickly restored when bacteria are dispersed
from a biofilm to underscore an adaptive resistance mechanism rather than a genetic
alteration (STEWART, 2002). However, conventional antibacterial resistance can
develop in biofilms treated repeatedly or for a long time (BAGGE et al., 2000). It
therefore follows that one should look beyond conventional mechanisms of
resistance to understand biofilm resistance. Several hypotheses have been proposed
for a better understanding of mechanisms of resistance in a biofilm.

The penetration limitation hypothesis suggests that only the surface layers of a
biofilm are exposed to a lethal dose of the antibiotic due to a reaction-diffusion barrier
that limits transport of the antibiotic into the biofilm. There are reservations to this
hypothesis as some authors have reported retarded penetration of antibiotics
(KUMON et al., 1994; SHIGETA et al., 1997) into the biofilm matrix, while others
indicate rapid penetration (DAROUICHE et al., 1994; SUCI et al., 1994).

The ability of antibiotics to penetrate biofilm has therefore been attributed to
the biofilm type. For instance the penicillin class of antibiotics can penetrate biofilm

formed by B-lactamase negative strains of bacteria better than biofilm formed by (-
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lactamase positive strains of the same bacteria due to the ability of the later to
deactivate penicillin  (ANDERL; FRANKLIN; STEWART, 2000). Additionally,
aminoglycoside antibiotics become adsorbed in the matrix of biofilm due to their
interaction (being positively charged) with negatively charged polymers in the biofilm
matrix, thereby retarding their penetration (KUMON et al., 1994; SHIGETA et al.,
1997).

The physiological limitation hypothesis of reduced susceptibility of biofilms to
antibiotics proposes that some microorganisms within the biofilm exist in a more
recalcitrant phenotypic state. This hypothesis takes into consideration the effects of
physiological factors such as growth rate, biofilm age, and starvation, on biofilm
susceptibility to antibiotics. For instance, Aires, Batista and Pitondo-Silva (2017)
reported a reduced susceptibility of K. pneumoniae biofilm to ceftriaxone, a
cephalosporin antibiotic, with increasing age of the biofilm and in a similar way
Singla, Harjai and Chhibber (2013) reported reduced susceptibility of K. pneumoniae
to ciprofloxacin, amikacin and piperacillin antibiotics with an increase in age of the
biofilm.

The physiological complexity of biofilm increases with age, hence reduced
susceptibility. Notwithstanding this submission, there have been reports of newly
formed biofilms being resistant despite being too thin to pose a hurdle to the
penetration of either an antimicrobial agent or metabolic substrates (DAS et al., 1998;
COCHRAN; MCFETERS; STEWART, 2000;). Another hypothesis to explain the
reduced susceptibility of biofilms to antibiotics is the altered chemical
microenvironment within the biofilm. Bacteria on the surface of biofilm have more
access to oxygen than those in the interior. This may lead to the formation of two
distinct environments within the biofilm with an aerobic environment at the surface
and anaerobic in the interior (DE BEER et al., 1994). The same explanation holds for
nutrients and such other growth conditions. The corollary to this submission is
reduced growth rate and metabolism in the interior of biofilm compared to the outer
surface of the biofilm.

Because of the high metabolism on the surface of the biofilm, there may be an
accumulation of waste products such that the pH of the surrounding surface changes
compared to the pH in the biofilm interior (ZHANG; BISHOP, 1996). All these
variations may lead to reduced activity of antibiotics on biofilm. For instance,

aminoglycoside antibiotics are more effective in an aerobic environment than in an
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anaerobic environment (TACK; SABATH, 1985). This implies that bacteria on the
surface of biofilm will be killed at the expense of those in the interior. Penicillin acts
on actively growing (actively metabolizing) cells because the target is cell-wall
synthesis (TUOMANEN et al., 1986), such that bacteria on the biofilm surface will be
killed by penicillin while less metabolizing in the interior will be spared. The
hypothesis that bacteria in biofilm behave like spores remains a powerful and generic
explanation of reduced susceptibility of biofilms to antibiotics (STEWART;
COSTERTON, 2001).

2.7 CHITOSAN

Chitosan (Figure 3) is a partially deacetylated polymer of N-acetyl
glucosamine that can be obtained through alkaline deacetylation of chitin (ZHAO et
al., 2011). It is made up of a B-(1, 4)-linked-D-glucosamine residue with the amine
groups randomly acetylated (SEVDA; MCCLUREB, 2004). It consists of alternating
units of (1 — 4) linked N-acetyl glucosamine and glucosamine units. It is a white,
hard, inelastic and nitrogenous polysaccharide (BADAWY; RABEA, 2011).

Figure 3: Repeating units of the chemical structure of chitosan
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Obtained from Ahmed, T. A.; Aljaeid, B. M. Preparation, characterization, and potential
application of chitosan, chitosan derivatives, and chitosan metal nanoparticles in
pharmaceutical drug delivery. Drug Des Devel Ther, Auckland, v. 10, p. 483-507, 2016.

Chitosan can be of low molecular weight (< 50 kDa), medium molecular weight
(50 — 150 kDa), or high molecular weight (> 150 kDa) (GOY; BRITTO; ASSIS, 2009).
Chitosan, a weak base, is not soluble in water, but soluble in dilute aqueous acidic
solutions below its pKa (~6.3), in which it can convert glucosamine units (-NH?) into
the soluble protonated form (-NH*3) (GOY; BRITTO; ASSIS, 2009).

However, water-soluble chitosan derivatives can be obtained by quaternization
of the nitrogen atoms of the amino when permanent positive charges in the polymer

chains are introduced, leading to a particular cationic polyelectrolyte irrespective of
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the pH of the aqueous medium. The solubility of chitosan depends on its biological
origin, molecular weight and degree of acetylation (SHEPHERD et al., 1997).
Chitosan is reputed for its biocompatibility, non-toxicity, low allergenicity, and
biodegradability which make it suitable for various applications (KUMAR et al., 2004).
Also, antimicrobial activity, among other activities of chitosan has been reported
(GOY et al., 2016).

However, four mechanisms of antimicrobial action of chitosan have been
proposed which include (i) binding of chitosan to the negatively charged bacterial cell
wall causing disruption of the cell thus altering membrane permeability (CHIEN; YEN;
MAU, 2015; SEVERINO et al., 2015); (ii) binding of chitosan with microbial DNA,
leading to MRNA and protein synthesis inhibition at the entrance of the nuclei of the
microorganisms of chitosan (SEBTI et al., 2005; YUAN et al., 2016); (iii) the chelation
of metals, suppression of spore elements, and binding to essential nutrients to
microbial growth (CHIEN; YEN; MAU, 2015; YUAN et al., 2016); and (iv) chitosan
can form a polymer membrane on the bacterial surface thereby preventing nutrients
from entering the cell (LIU et al., 2004; EL-TAHLAWY et al., 2005) or act as barrier to
oxygen thereby inhibiting growth of aerobic bacteria (DEVLIEGHERE et al., 2004;
YUAN et al., 2016).

Despite these proposed mechanisms of antimicrobial activity of chitosan, its
actual nature of activity remains controversial with many authors submitting that
chitosan is bacteriostatic while others favor bactericidal activity. However, recent
studies have a propensity of characterizing chitosan as bacteriostatic rather than
bactericidal (RAAFAT et al., 2008). Similarly, there is no agreement as regards
whether Gram-positive bacteria are more susceptible to the activity of chitosan than
are Gram-negative bacteria or vice versa. Some authors have shown chitosan to
exhibit higher antibacterial activity against Gram-positive bacteria than Gram-
negative, while some other studies have shown that Gram-negative bacteria are
more susceptible than Gram-positive (CHUNG et al., 2004; WANG et al., 2004).
Many works have demonstrated that there is no significant difference between
antibacterial activity and bacterial species (ZHONG et al., 2008).

The antimicrobial activity of chitosan has been reported to be dependent on its
molecular weight and the degree of acetylation. Although both parameters affect the
activity independently, it has been suggested that molecular weight has a greater

influence on chitosan activity than the degree of acetylation (SEKIGUCHI et al.,
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1994). Antimicrobial activity of chitosan increases with a decrease in molecular
weight (TIKHONOQV et al., 2006; JING et al.,, 2007) as well as a decrease in the
degree of acetylation (TSAI et al., 2004; ANDRES et al.,, 2007). Other factors
affecting the antibacterial activity of chitosan include pH, temperature, and reactive
time (KONG et al., 2010).

2.8 NANOSTRUCTURED LIPID CARRIERS (NLC)

Nanostructured lipid carriers (NLC) have been described as the improved
second generation of solid lipid nanoparticles (SLN) formulated by mixing
unsaturated, amorphous (spatially different lipids) or liquid lipids (oils) to the solid
lipids (GELFUSO; CUNHA-FILHO; GRATIERI; 2016). They were developed to
address decreased encapsulation efficiency (EE) and drug loading (DL), the two
potential limitations of SLN (SWIDAN et al., 2016).

These identified limitations of SLN are caused by drug leakage in storage as a
result of crystallization of the purified solid lipids (DAS; CHAUDHURY, 2011). The
incorporation of spatially incompatible liquid lipid prevents the crystallization process
(LASON; SIKORA; OGONOWSKI, 2013) and also induces a melting point
depression in the solid lipid. Despite the induced melting point depression, the blends
obtained remain solid at room and body temperature (MULLER; OLBRICH, 2000;
LASON; SIKORA; OGONOWSKI, 2013).

Apart from the unique advantages of NLC, it also shares some advantages of
the SLN (MEHNERT; MADER, 2001). Such shared advantages include sustained
release, protection against drug degradation, high physical stability, and the facility to
scale-up the production process, allied to the absence of organic solvents (MULLER;
MADER; GOHLA, 2000; MEHNERT; MADER, 2001). NLC, a versatile tool with high
potential of applications, can also be used to solubilize a number of molecules with
different physico-chemical properties in a biocompatible and biodegradable matrix
with well-established safety profiles (CORTESI et al., 2017).

NLC has been applied to the delivery of natural molecules with antimicrobial
activity (CORTESI; et al., 2017), probably due to the fact that several natural extracts
or pure natural compounds with proven antimicrobial activity suffer from some
drawbacks represented by low water solubility, instability, as well as storage
characteristics, thereby limiting their applications. Grape (Vitis vinifera) seed oil is not

an exemption to these drawbacks.



19

Nonetheless, it is possible to formulate NLC in combination with chitosan. The
advantages inherent in this combination include improved interaction and
internalization in cells (SANDRI et al., 2010), decreased NLC internalization by
macrophage (SERMENTO et al., 2011), enhanced oral absorption of drugs e.g.
insulin (FONTE et al.,, 2011) oral administration of peptide drugs (GARCIA-
FUENTES; TORRES; ALONSO, 2005) and sustained release (MARCATO et al.,
2013). NLC-Chitosan combines the advantages of NLC with the biological properties
of chitosan. Such biological properties include bioadhesiveness, biocompatibility,
non-toxicity, low allergenicity and biodegradability (KUMAR et al.,, 2004). The
bioadhesion property of chitosan can increase the retention of the drug at the
application site.

Additionally, the antimicrobial activity of chitosan can also be explored with this
combination (RIDOLFI et al., 2011). The addition of chitosan in the production of NLC
can result in a more stable dispersion with a more polydispersed distribution and
statistically larger particles (with a greater hydrodynamic radius) (RIDOLFI et al.,
2011). Other advantages inherent in NLC-Chitosan combination include the reduction
in pH of formulated NLC and low burst release of formulated NLC exemplified by a
higher positive surface charge (GANESAN et al., 2016). Chemotherapeutic activity of
formulated NLC can also be improved by combination with chitosan (KAMEL et al.,
2017).

Despite the inherent advantages in NLC-Chitosan combination, information
about their suitability for application in the control of catheter-associated biofilm-
related infections is lacking, hence the need to investigate the NLC-Chitosan as a
means of biofilm control strategy.
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3 OBJECTIVES

General objective:

The present study examined whether nano delivery system containing

chitosan affected the growth of uropathogenic biofilms of E. coli.

Specific objectives:

To evaluate the effect of catheter, glass slide and tissue culture plate as
adhesion surfaces on the viability of E. coli biofilm

To quantify the carbohydrate and protein contents of E. coli biofilm matrix
according to each adhesion surface

To formulate and characterise NLC-Chitosan for its particle size, polydispersity
index and zeta potential.

To evaluate the formulated and characterised NLC-Chitosan for its
antimicrobial activity against the free Escherichia coli cells.

To evaluate the formulated and characterised NLC-Chitosan for its antibiofilm

activity against the preformed E. coli biofilm on catheter.



MATERIALS AND METHODS
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4 MATERIALS AND METHODS

4.1 MATERIALS

Silicone-coated latex catheters 16 (5 mm outside diameter x 2 mm internal
diameter x 10.0 mm height) were purchased from Rusch Inc. (Georgia, USA).
Microscopic glass slides (20 x 20 mm) were obtained from Khnittelglaser
(Varrentrappstr, Braunschweig, Germany). 12-well (25 mm diameter, 20 mm deep),
U and flat bottom 96-well (8 mm diameter, 10 mm deep) tissue culture plates were
obtained from BD Diagnostics (Sparks, MD, USA). Bovine serum albumin (BSA),
chitosan (LMW, 50,000 - 90,000 Da; deacetylation degree of 75%), chlorhexidine
digluconate, Tween® 80 (Polysorbate 80), tripolyphosphate (TPP) and resazurin
were purchased from Sigma-Aldrich (Saint Louis, MO, USA), and liquefied phenol
from J.T. Baker (Pennsylvania, USA). Sodium chloride (NaCl), sodium hydroxide
(NaOH), glucose, sulphuric acid and potassium chloride (KCI), were purchased from
Merck (Darmstadt, HE, Germany). The Bio-Rad protein assay was purchased from
Bio-Rad Laboratories (California, USA). Luria Bertani and Mueller Hinton culture
media were obtained from Difco Laboratories (Detroit, MN, USA) and Brain Heart
Infusion agar (BHI-agar) from Oxoid (Basingstoke, Hampshire, UK). Natural lipid of
lllipe butter was purchased from LTP Lipid Technologies Provider AB (Karishamn,
Sweden) and grape seed oil (Vitis vinifera L) was acquired from Mapric Produtos
Farmacocosméticos (Sao Paulo, SP, Brazil). Ultrapure water from Milli-Q water
system (Merck; Darmstadt, HE, Germany) was used to prepare the aqueous

solutions. All other chemicals used in this study were of analytical grade.

4.2 EXPERIMENTAL DESIGN

This work was divided in two stages, the first involved comparing adhesion
surfaces most used in in vitro biofilm models and the second evaluated the
susceptibility of free cells and biofilm of E. coli to a nanostructured lipid carrier coated

with chitosan (NLC-chitosan). Figure 4 shows the fluxogram of the experiment.
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Figure 4: Fluxogram of the experimental stages
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4.3 EVALUATION OF Escherichia coli ATCC 25922 BIOFILM GROWTH ON
DIFFERENT SURFACES

Biofilm growth was done according to the modified method of Anghel and
Grumezescu (2013), the main modification being the use of E. coli ATCC 25922
instead S. aureus. Briefly, E. coli overnight grown culture was diluted to 1:100 to
achieve 0.5 McFarland (1.5 x 10° cfu/mL) and 1 mL of this suspension was
aseptically distributed into 1.5 mL microtubes containing catheter disks suspended
with a nylon thread. The same suspension was also used for biofilm growth on glass
slides and 96-well plates. For glass slides, 5 mL of the bacterial inoculum was added
into a 12-well culture plate containing the slides and for the plates, 200 pL of bacterial
suspension was distributed into the wells of a 96-wells tissue culture plate. The
microtubes containing the catheters, the glass slide and the plate, all with the
bacterial suspension, were incubated at 37 °C. After 24 hours, all surfaces were
washed three times in saline solution (0.9% NaCl) to remove non-adherent bacteria

and re-suspended in fresh Luria Bertani broth with the incubation being continued for
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4 more days. Each experiment was performed 3 times, being catheter in nonoplicate
(n=27) and glass and plates in triplicate (n = 9).

On the day 5 of the experimental phase, the biofilm formed on each surface
was washed three times in saline solution to remove non-adherent cells and excess
of culture medium. Biofilms formed on glass and plates were removed by swabbing
the whole surface of the exposed area. The swab was placed in sterile
microcentrifuge tubes and suspended in 1 mL of saline solution. Catheter disks were
transferred directly into sterile microcentrifuge tubes with saline solution. The biofilms
of each surface were removed by sonication according to the method of Aires et al.
(2008). A 100-pL aliquot of the sonicated biofilm suspension was diluted in 0.9%
saline solution, and serial decimal dilutions were inoculated in duplicate on BHI-agar
using the drop-count technique (HERIGSTAD; HAMILTON; HEERSINK, 2001). The
plates were incubated at 37 °C for 24 hours. The colony-forming units (CFU) were
counted and the results expressed in CFU/mm? of surface area to make the results

comparable.

4.4 BIOFILM MASS, PROTEIN AND CARBOHYDRATE QUANTIFICATION

The remaining biofilm suspension was lyophilized and the biological powders
were pooled to estimate biomass that was formed according each surface. The
protein content in the samples was estimated by the Bradford assay (BRADFORD,
1976) using BSA as standard. The total carbohydrate was determined by the phenol-
sulphuric method (DUBOIS et al., 1956), using glucose as standard. The results were

normalized to biofilm lyophilized biomass.

4.5 NLC-CHITOSAN: PREPARATION AND ANALYSIS OF PHYSICOCHEMICAL
PROPERTIES

The NLC-chitosan was prepared by the emulsion and sonication method
(PIVETTA et al., 2018, 2019). Briefly, the oil phase composed of natural lipids of lllipe
butter and grape seed oil was heated to 70 °C. The aqueous solution of 1.25%
Tween 80 and 0.48% chitosan was heated to 70 °C and added to the oil phase. The
mixture was sonicated for 10 minutes in the ultrasonic processor VCX 750 (Sonics &
Materials; Newtown, CT, USA), using a 13-mm probe, at an amplitude of 40%. The

dispersion was cooled to 25 °C prior to adding 0.1% tripolyphosphate (to improve the
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stability of NLC-chitosan). Samples of NLC-chitosan formulations (n= 6) were diluted
in 1 mM KCI solution and the size, polydispersity index (Pdl), and zeta potential were
determined by dynamic light scattering (Zetasizer Nano ZS; Malvern Instruments,
Worcestershire, UK) immediately after preparation and after 30 and 180 days of

storage under static conditions.

4.6 DETERMINATION OF THE MINIMUM INHIBITORY AND BACTERICIDAL
CONCENTRATIONS

The minimum inhibitory concentration (MIC) of NLC-chitosan was determined
using the microdilution method (CLSI, 2012). Briefly, Escherichia coli ATCC 25922
inoculum of 5 x 10° colony forming units per mL (CFU/mL) was added to a microplate
containing dilutions of CHX solution (0.0012 - 0.6 mg/mL; positive control), NLC
without chitosan (vehicle control), or NLC-chitosan, (0.0027 - 1.38 mg/mL of
chitosan). After 24 hours at 37 °C, bacterial growth was assessed using 0.2 mg/mL
resazurin solution and the microplates were incubated at 37°C for 1 hour. MIC was
defined as the lowest concentration of a given treatment that inhibits bacterial growth.

To determine the minimum bactericidal concentration (MBC), 10 L aliquots of
E. coli inoculum treated with the sample at a concentration higher than MIC were
cultured on BHI agar for 24 hours, at 37 °C. MBC was the lowest concentration that
allowed no visible bacterial growth on agar. All the assays were performed in

triplicate.

4.7 EVALUATION OF ANTIMICROBIAL ACTIVITY OF NLC-CHITOSAN ON
Escherichia coli ATCC 25922 BIOFILM

Biofilm was formed as described by Galvan et al. (2016), with the following
modifications: the use of Luria Bertani (LB) broth as culture medium and catheter
disk as surface for biofilm growth. Briefly, aliquots of E. coli grown overnight were
centrifuged (10,000 g, 5 minutes), and the bacterial pellets were suspended in 0.9%
NaCl to a concentration of 1.5 x 10° cells/mL (0.5 McFarland, at 625 nm). The
suspension was diluted in Luria Bertani broth to a final concentration of 3 x 10’
cells/mL. Catheter specimens were suspended with a nylon thread in 1 mL of final
bacterial suspension being aseptically distributed into 1.5 mL microtubes. The tubes

were incubated for five days, at 37 °C, and culture media was replaced daily.
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At 48, 72, 96, and 120 hours of biofilm growth, the biofilms were exposed to
0.9% NaCl solution (negative control), 0.12% CHX solution (positive control), or NLC-
chitosan (at final chitosan concentration of 0.28%) for 24 hours. After exposure, the
catheter specimens containing biofilms were washed three times with 0.9% NacCl to
remove loosely adherent cells, and individually transferred to microcentrifuge tubes
containing 1 mL of 0.9% NaCl. Next, the biofilms were sonicated using the sonic
dismembrator model FB 505 (Fischer Scientific, Pitsburgh, PA, USA) for 15-second
pulses at 20% amplitude to improve homogenization (AIRES et al., 2008). Biofilm
suspensions were ten-fold serially diluted in 0.9% NaCl and each dilution was
inoculated in BHI agar plates (HERIGSTAD; HAMILTON; HEERSINK, 2001). After
incubation for 24 hours, at 37 °C, the number of colonies grown was counted and the
results were expressed in CFU/mm? of the total surface area of the catheter. The

experiments were performed in triplicate.

4.8 STATISTICAL ANALYSIS

The data were analyzed with the aid of the SAS System (SAS Institute Inc.
The SAS System, release 9.3. SAS Institute Inc., Cary:NC:USA, 2012). A
generalized linear mixed model of analysis of variance was adjusted and the
adherence of the residuals to the Gaussian distribution was evaluated by the
Shapiro-Wilk test, by the coefficient of skewness, kurtosis and by graphical analysis.
The "post-hoc" Tukey-Kramer (bacterial counting) or Tukey (carbohydrates and
proteins quantification) test was used to compare means of significant effect. The

significance level was fixed at 0.05 for all statistical tests.
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5 RESULTS
5.1 EVALUATION OF Escherichia coli ATCC 25922 BIOFILM GROWTH ON
DIFFERENT SURFACES

The result (Figure 5) shows the counts of E. coli in the formed biofilms differ
among the surfaces (catheter, glass slide and plate). Bacterial colony viability was
higher in catheter surface compared to glass slides or plates (p<0.05). In addition,
the lowest bacterial count was observed for glass slide surfaces (p<0.05).

Figure 5: Effect of different surfaces on viability of Escherichia coli ATCC 25922 biofilm.
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The bars represent mean of three data points and SD (Mean = SD). P<0.05 represents
statistical differences between the groups (one-way ANOVA followed by Tukey-Kramer's
pairwise multiple comparison).

5.2 BIOFILM MASS, PROTEIN AND CARBOHYDRATE QUANTIFICATION

Table 1 shows the total mass of E. coli biofilm that was recovered from each
surface (catheter, glass slide and plate) as well as the quantification of proteins and
total carbohydrates. Although the total biofilm biomass has similar weights,
concentration of protein in E. coli biofilms was significantly different between catheter
and glass slides (p<0.05). However, no differences were observed between catheter
and plate (p>0.05) as well as glass slides and plate (p>0.05). For total carbohydrate,
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catheter group shows lower concentration than in plate (p<0.05) and glass slide
(p<0.05). However, no significant difference was observed among glass slide and

plate groups (p>0.05).

Table 1: Total biomass of mature E. coli biofilm formed on different surfaces (catheter, glass
slide and plate) and quantification of protein and total carbohydrate

Total lyophilized Protein Carbohydrate
biomass (Mg/mg (Mg/mg
recovered biomass) biomass)
Catheter 56 mg + 0.0 2.0+0.7% 0.2 +0.0%
Glass slide 65mg + 0.0 11.7 + 0.5° 52+1.2°
Plate 63 mg+ 0.0 6.5 + 3.4"° 6.5+0.7°

Data are expressed as means * standard deviations (n=2); values in a column (A, B) not
sharing the same letter are significantly different from one other; ANOVA followed by the
Tukey post-hoc test, p<0.05.

5.3 PHYSICOCHEMICAL PROPERTIES OF NLC-CHITOSAN

NLC-chitosan had bimodal particle size distribution (Figure 6). Analysis of
particle size and Pdl immediately after NLC-chitosan preparation and at 30 and 180
days of storage indicated that these parameters remained constant over time (Figure
7). The mean particle diameter and Pdl values were 292.90 + 2.50 nm and 0.24 +
0.03 (n = 6), respectively. In addition, the positive value of zeta potential (+19.10 +
0.20) indicated that the NLC nanoparticles were coated by chitosan.
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Figure 6: Size distribution profile of nanostructured lipid carrier particles coated with chitosan
(NLC-chitosan).
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Figure 7: Particle size and polydispersity index (Pdl) of nanostructured lipid carrier particles

coated with chitosan (NLC-chitosan) immediately after preparation, and after 30 and 180

days of storage under static conditions.
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5.4 DETERMINATION OF THE MINIMUM INHIBITORY AND BACTERICIDAL

CONCENTRATIONS
Analysis of MIC and MBC values (Table 2) revealed that NLC-chitosan

inhibited bacterial growth and exerted bactericidal action at concentrations 100 times

higher than those required for CHX. Nanostructured lipid carriers without chitosan

(NLC) did not interfere with growth of E. coli planktonic cells.
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Table 2: Minimum inhibitory concentration (MIC) and minimum bactericidal concentration
(MBC) of NLC-Chitosan against planktonic cells of E. coli ATCC 25922

MIC MBC
Treatment
(mg/mL) (mg/mL)
NLC n. d. n. d.
-1
NLC-chitosan 345x107+0.0 345x101+0.0
CHX 234x10°+0.0 4.69x10%+0.0

n. d.. not detected. CHX: 0.12% chlorhexidine solution (positive control); NLC:
Nanostructured lipid carriers without chitosan (vehicle control); NLC-chitosan:
Nanostructured lipid carriers coated with chitosan. Data are expressed as mean * standard
deviation

5.5 EVALUATION OF ANTIMICROBIAL ACTIVITY OF NLC-CHITOSAN ON
Escherichia coli ATCC 25922 BIOFILM

Bacterial colony viability increased with incubation time in the group treated
with NaCl (negative control). The growth rates in 48- and 72-hour-old biofilms, and in
72- and 96-hour-old biofilms did not significantly differ from each other (p>0.05;
Figure 8). Compared with NaCl, NLC-chitosan significantly decreased bacterial
colony viability in biofilms of all ages studied (48, 72, 96, and 120 h) (p<0.05; Figure
8). NLC-chitosan suppressed bacterial growth as effectively as CHX (positive control)
in 48-hour-old biofilms. CHX markedly reduced bacterial viability in biofilms of all
ages studied, and more strongly than NLC-chitosan in biofilms older than 72 hours

(p<0.05; Figure 8). The inhibitory potency of CHX did not change with the biofilm age.
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Figure 8: Bacterial colony viability of E. coli biofilms treated with nanostructured lipid carrier

containing chitosan (NLC-Chitosan)
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CHX: 0.12% chlorhexidine (positive control). NaCl: 0.9% saline solution (negative control).

NLC-Chitosan: 0.28% (Test sample). Data are expressed as mean + standard deviation (n =
3). Columns not sharing the same letter (A-H) are significantly different from each other
(p<0.05; ANOVA combined with Tukey’s post-hoc test).
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6 DISCUSSION

In this study, we evaluated whether the three adhesion surfaces most used in
uropathogenic biofilm studies (catheter, glass slide and plate) could produce different
responses regarding the bacterial colony viability of E. coli biofiims, as well as
proteins and total carbohydrates quantification. The results of the bacterial count
suggest that among of the three adhesion surfaces, E. coli colonized catheter surface
better than plate and glass slide. Besides, the glass slides showed the lowest
bacterial viability compared to other surfaces (Figure 5).

Considering that medical devices such as catheters are usually made from
hydrophobic materials, this may explain, at least in part, why bacterial viability was
higher in catheter than other surfaces. Culture plate is based on plastic materials
such as polystyrene, which can present a high number of hydrophobic sites
compared to glass slides. Although bacterial surfaces are complex, E. coli presents
some hydrophobic residues (DOYLE, 2000), that may be involved in the hydrophobic
interaction. Among the nonspecific interactions, hydrophobic bonds are usually the
strongest non-covalent forces involved in bacterial attachment and has been defined
as the attraction between apolar, or slightly polar, cells or other molecules, when
immersed in an aqueous solution (DOYLE, 2000; GOMES et al., 2015).

Our results support the research of Gomes et al. (2015) where silicone
catheter was the surface with the highest number of adhered E. coli cells until 24
hours of biofilm formation. However, in our study, the same tendency was observed
with a mature biofilm formed until 5 days, which may suggest that hydrophobicity
occurs regardless of the biofilm development stage.

Although E. coli presents higher bacterial colony viability on catheter surface,
the results about biomass weight, protein and total carbohydrates contents show that
biofilm of this surface is primarily composed of bacterial cells with a low presence of
extracellular polymeric substances (EPS) (Table 1). On the other hand, E. coli
biofilms grown on glass slide and plate have more protein and carbohydrates than
those grown on catheter surface (Table 1). The EPS is essential for the biofilm
architecture and development, probably on surfaces with lower chances of direct
microorganism-surface interaction, the pronounced EPS production may help in the
structuring of the biofilm on the surface. It has also been reported that polysaccharide
polymers, which are a part of the EPS matrix, play an essential role in the attachment
of biofilm to the hydrophilic surface rather than to hydrophobic surface (DOLAN,
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2001). Although EPS presents as major constituents proteins and carbohydrates,
future studies will be required to investigate in more detail the composition of these
biofilms, such as specifying the type of carbohydrates and the content of other
macromolecules.

However, biofilms of E. coli may not form easily on the hydrophilic glass
surface but when they form adhered better, are better protected and are more stable,
structure-wise, than biofilms on catheter surface. Probably, the mature biofilm formed
on catheter surface is more susceptible to antimicrobial effects when compared with
those obtained on the other materials. It is widely known that the extracellular matrix
is essential for protection against antimicrobial agents (FLEMMING; WINGENDER,
2010; GOMES et al., 2015; FLEMMING et al., 2016). However, future studies are
required to investigate if the amount of EPS may influence susceptibility to
antimicrobial agents and whether the surface of adhesion can also be related.

Although the conditions presented in this study are far from those found in
medical practice, the results suggest that distinct surfaces can affect E. coli biofilm
formation and its EPS content, and that catheter could be a better surface to study E.
coli biofilm compared to either glass slides or polystyrene plates even in advanced
stages of biofilm development. Our findings can contribute to establishing an initial
basis for the development of future studies involving strategies to prevent biofilm
formation as well as the development of mature biofilms that probably present higher
antimicrobials tolerance.

Considering that patients can use catheter for several days, the biofilm age
poses a challenge to its removal with antimicrobials. Mature biofilms are up to 1,000-
fold less susceptible to various antimicrobial agents than bacteria in planktonic
culture or younger biofilms (STEWART; COSTERTON, 2001).

Rapid advances in nanoscale engineering may provide opportunities to
develop new nanomaterials to prevent bacterial adherence and growth (PAULA,
KOO, 2017). In this study, we examined the antimicrobial effect of NLC-chitosan
against E. coli biofilms of different ages. The NLC-chitosan preparations were
composed of a bimodal population with a first fraction (98%) of small particles (< 300
nm) and a second fraction of larger particles (Figure 6). Chitosan nanoparticles
usually present bimodal population due to the rearrangement of particles after
addition of tripolyphosphate and/or metal from the sonicator tip (RAMPINO et al.,
2013).
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The mean size of NLC-chitosan particles was greater than 100 nm. Despite
the well-established protocols for the preparation of chitosan nanoparticles, it
remains unclear how different processing factors affect the particle size
(SREEKUMAR et al., 2018). High molecular weight chitosan can produce large
nanoparticles with high Pdl (RAMPINO et al., 2013; ZAKI et al., 2015). In the present
study, the chitosan concentration and/or its molecular weight might have contributed
to increase the nanoparticle size and its Pdl; however, future studies are required to
elucidate this hypothesis. Zeta potential is another essential parameter for the
stability of nanosuspensions (MULLER et al., 2001). The positive zeta potential of
NLC-chitosan indicated that the formulated NLC was coated with chitosan. In
addition, the particle size and Pdl remained unaltered for up to 180 days of storage
(Figure 7). The presence of chitosan and Tween 80 on the particle surface probably
confers steric and electrosteric stability, respectively to nanoparticles and improves
their stability (MOORE et al., 2015), which could help to overcome the issues related
to stability of NLC. Further studies are needed to analyze how chitosan coating
affects the stability of NLC.

Data from the antimicrobial assays, i.e. the MIC and MBC values,
demonstrated that NLC-chitosan inhibited the growth of and killed the planktonic E.
coli cells (Table 2). Interestingly, NLC alone did not affect bacterial growth, indicating
that the antimicrobial activity of NLC-chitosan resulted from the chitosan coating.
NLC-chitosan effectively killed planktonic E. coli cells at a concentration about 100-
fold higher than that required for CHX. The antimicrobial action of CHX against E. coli
is well-known (KAMPF, 2019; SCHMUDDE et al., 2019), but its extensive use has
raised concerns regarding development of acquired bacterial resistance to this potent
antimicrobial (KAMPF, 2016), especially in the hospital environment (KAMPF, 2019).
In this sense, the use of natural products such as chitosan may help to develop new
antimicrobial tools.

The antimicrobial potential of NLC-chitosan became evident due to growth
inhibition in biofilms formed for up to 120 hours (Figure 8). The biological activity of
NLC-chitosan can be attributed to the presence of free protonated amino groups from
chitosan (pKa of ~6.5) on the nanoparticle surface (ALI; AHMED, 2018), which may
interact with components of the biofilm matrix and bacterial surface, such as the cell
wall. NLC-chitosan exerted its maximum antimicrobial effect on 48-hour-old biofilms,

which was comparable to that exerted by CHX, but became weaker as the biofilm
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maturation time increased (Figure 8). Our findings corroborate a literature report that
the susceptibility of Klebsiella pneumoniae mature biofilms to ceftriaxone is
decreased when compared with young biofilms (AIRES; BATISTA; PITONDO-SILVA,
2017). It is well-established that extracellular polymeric matrix decreases
antimicrobial penetration into deeper biofilm layers (FLEMMING; WINGENDER,
2010). At 48 hours, the extracellular polymeric matrix of E. coli biofilms was probably
less structured than in older biofilms and allowed a better diffusion of nanoparticles
through the biofilm matrix. Future studies are necessary to analyze the penetration of
NLC-chitosan into different biofilm layers.

Despite the limitations of the biofilm model employed in this study, such as the
use of only one bacterial species, it enabled evaluation of the antimicrobial potential
of NLC-chitosan. As both lipophilic and hydrophilic compounds can be incorporated
into NLC, NLC-chitosan is a useful carrier for other antimicrobial agents that can act
in synergism with its intrinsic antimicrobial effect. Together, our findings indicated that
the “chitosan/lipid” association exerted antimicrobial effects even in mature biofilms
of E. coli, which is one of the most representative bacteria in catheter-associated
urinary tract infection. The data reported here can support further studies to improve
this nanoformulation, which seems to be a good strategy to fight against catheter-

associated biofilms.
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7 CONCLUSIONS

The results suggest that catheter is a proper surface to study E. coli biofilm
compared to either glass slides or polystyrene plates. In addition, both free cells and
biofilms of E. coli were significantly affected by NLC-chitosan, which can be a
feasible approach for studies using uropathogenic bacteria. In future, urinary catheter
can be used as model to study simulated UTIs, using mixed populations of bacteria,
and the effect of NLC-chitosan or its association with other antimicrobial agents

evaluated.



REFERENCES




42

REFERENCES

AHMED, T. A.; ALJAEID, B. M. Preparation, characterization, and potential
application of chitosan, chitosan derivatives, and chitosan metal nanoparticles in
pharmaceutical drug delivery. Drug Des. Devel. Ther., Auckland, v. 10, p. 483-507,
2016.

AIRES, C. P.; BATISTA, M. J. A.; PITONDO-SILVA, A. Decrease of ceftriaxone
susceptibility in Klebsiella pneumoniae according to biofilm maturation. J. Glob.
Antimicrob. Resist., Amsterdam, v. 9, p. 126-127, 2017.

AIRES, C. P.; DEL BEL CURY, A. A.; TENUTA, L. M. A.; KLEIN, M. |.; KOO, H.;
DUARTE, S.; CURY, J. A. Effect of starch and sucrose on dental biofilm formation
and on root dentine demineralization. Caries Res., New York, v. 42, n. 5, p. 380—
386, 2008.

ALI, A.; AHMED, S. A review on chitosan and its nanocomposites in drug delivery.
Int. J. Biol. Macromol., Amsterdam, v. 109, p. 273-286, 2018.

AN, Y. H.; DICKINSON, R. B.; DOYLE, R. J. Mechanisms of bacterial adhesion and
pathogenesis of implant and tissue infections. In: AN, Y. H.; FRIEDMAN, R. J. (Ed.).
Handbook of bacterial adhesion: principles, methods, and applications. New
Jersey: Humana Press, 2000. p. 1-27.

ANDERL, J. N.; FRANKLIN, M. J.; STEWART, P. S. Role of antibiotic penetration
limitation in Klebsiella pneumoniae biofilm resistance to ampicillin and ciprofloxacin.
Antimicrob. Agents Chemother., Washington, v. 44, n. 7, p. 1818-1824, 2000.

ANDRES, Y.; GIRAUD, L.; GERENTE, C.; LE CLOIREC, P. Antibacterial effects of
chitosan powder: mechanisms of action. Environ. Technol., Oxfordshire, v. 28, n.
12, p. 1357-1363, 2007.

ANGHEL, |.; GRUMEZESCU, A. M. Hybrid nanostructured coating for increased
resistance of prosthetic devices to staphylococcal colonization. Nanoscale Res.
Lett., New York, v. 8, n. 1, p. 6, 2013.

ANWAR, H.; VAN BIESEN, T.; DASGUPTA, M.; LAM, K.; COSTERTON, J. W.
Interaction of biofilm bacteria with antibiotics in a novel in vitro chemostat system.
Antimicrob. Agents Chemother., Washington, v. 33, n. 10, p. 1824-1826, 1989.

BADAWY, M. E. |.; RABEA, E. I. A biopolymer chitosan and its derivatives as
promising antimicrobial agents against plant pathogens and their applications in crop
protection. Int. J. Carbohydr. Chem., London, v. 2011, p. 1-29, 2011.

BAGGE, N.; CIOFU, O.; SKOVGAARD, L. T.; HOIBY, N. Rapid development in vitro
and in vivo of resistance to ceftazidime in biofilm-growing Pseudomonas aeruginosa
due to chromosomal beta-lactamase. APMIS, Copenhagen, v. 108, n. 9, p. 589 —
600, 2000.

BELOQUI, A.; SOLINIS, M. A.; RODRIGUEZ-GASCON, A.; ALMEIDA, A. J.; PREAT,
V. Nanostructured lipid carriers: promising drug delivery systems for future clinics.
Nanomedicine, New York, v. 12, n. 1, p. 143-161, 2016.



43

BIEN, J.; SOKOLOVA, 0O.; BOZKO, P. Role of uropathogenic Escherichia coli
virulence factors in development of urinary tract infection and kidney damage. Int. J.
Nephrol., New York, v. 2012, 2012. DOI: 10.1155/2012/681473, 2012.

BOLAND, T.; LATOUR, R. A.; SUTZENBERGER, F. J. Molecular basis of bacterial
adhesion. In: AN, Y. H.; FRIEDMAN, R. J. (Ed.). Handbook of bacterial adhesion:
principles, methods, and applications. New Jersey: Humana Press, 2000. p. 29-41.

BORECKA-MELKUSOVA, S.; BUJDAKOVA, H. Variation of cell surface
hydrophobicity and biofilm formation among genotypes of Candida albicans and
Candida dubliniensis under antifungal treatment. Can. J. Microbiol., Ottawa, v. 54,
n. 9, p. 718-724, 2008.

BOYD, R. D.; VERRAN, J.; JONES, M. V.; BHAKOO, M. Use of atomic force
microscope to determine the effect of substratum surface topography on bacterial
adhesion. Langmuir, Washington, v. 18, n. 6, p. 2343-2346, 2002.

BRADFORD, M. A rapid and sensitive method for the quantitation of microgram
quantities of protein utilizing the principle of protein-dye binding. Anal. Biochem.,
Orlando, v. 72, p. 248-254, 1976.

BRANDA, S. S.; VIK, S.; FRIEDMAN, L.; KOLTER, R. Biofilms: the matrix revisited.
Trends Microbiol., Cambridge, v. 13, n. 1, p. 20-26, 2005.

BROWN, M. R. W.; GILBERT, P. Microbiological quality assurance: a guide
towards relevance and reproducibility of inocula. London: CRC Press, 1995.

BUGNICOURT, L.; LADAVIERE, C. A close collaboration of chitosan with lipid
colloidal carriers for drug delivery applications. J. Control. Release, Amsterdam, v.
256, p. 121-140, 2017.

BUJDAKOVA, H.; DIDIASOVA, M.; DRAHOVSKA, H.; CERNAKOVA, L. Role of cell
surface hydrophobicity in Candida albicans biofilm. Cent. Eur. J. Biol., Warsaw, v. 8,
n. 3, p. 259-262, 2013.

BURTON, D. C.; EDWARDS, J. R.; SRINIVASAN, A.; FRIDKIN, S. K.; GOULD, C. V.
Trends in catheter-associated urinary tract infections in adult intensive care units-
United States, 1990-2007. Infect. Control Hosp. Epidemiol., Cambridge, v. 32, n. 8,
p. 748-756, 2011.

BUWALDA, S. J.; BOERE, K. W. M.; DIJKSTRA, P. J.; FEIJEN, J.; VERMONDEN,
T.; HENNINK, W. E. Hydrogels in a historical perspective: from simple networks to
smart materials. J. Control. Release, Amsterdam, v. 190, p. 254-273, 2014.

CARPENTIER, B.; CERF, O. Biofilms and their consequences, with particular
reference to hygiene in the food industry. J. Appl. Bacteriol., Oxford, v. 75, n. 6, p.
499-511, 1993.

CASADIDIO, C.; PEREGRINA, D. V.; GIGLIOBIANCO, M. R.; DENG, S.; CENSI, R;;
DI MARTINO, P. Chitin and Chitosans: characteristics, eco-friendly processes, and
applications in cosmetic science. Mar. Drugs, Basel, v.17, n. 6, p. E369, 2019.



44

CASTELLANI, A.; CHALMERS, A. J. Manual of tropical medicine. London:
Baillere, 19109.

CHARACKLIS, W. G. Microbial biofouling control. In: CHARACKLIS, W.G.;
MARSHALL, K. C. (Ed.). Biofilms. New York: Wiley-Intersciences, 1989. p. 585-633.

CHARACKLIS, W. G.; MCFETERS, G. A.; MARSHALL, K. C. Physiological ecology
in biofilm systems. In: CHARACKLIS, W. G.; MARSHALL, K. C. (Ed.). Biofilms. New
York: John Wiley, 1990. p. 341-394.

CHENG, G.; ZHANG, Z.; CHEN, S.; BRYERS, J. D.; JIANG, S. Inhibition of bacterial
adhesion and biofilm formation on zwitterionic surfaces. Biomaterials, Amsterdam,
v. 28, n. 29, p. 4192-4199, 2007.

CHIEN, R. C.; YEN, M. T.; MAU, J. L. Antimicrobial and antitumor activities of
chitosan from shiitake stipes, compared to commercial chitosan from crab shells.
Carbohydr. Polym., London, v. 138, p. 259-264, 2015.

CHUNG, Y. C.; SU, Y. P.; CHEN, C. C.; JIA, G.; WANG, H. L.; WU, J. C,; LIN, J. G.
Relationship between antibacterial activity of chitosan and surface characteristics of
cell wall. Acta Pharmacol. Sin., New York, v. 25, n. 7, p. 932- 936, 2004.

CLINICAL AND LABORATORY STANDARDS INSTITUTE. METHODS FOR DILUTION
ANTIMICROBIAL SUSCEPTIBILITY TESTS FOR BACTERIA THAT GROW AEROBICALLY.
WAYNE, PA: CLSI; 2012 [APPROVED STANDARD—NINTH EDITION. DOCUMENT MO07-
A9]

COCHRAN, W. L.; MCFETERS, G. A.; STEWART, P. S. Reduced susceptibility of
thin Pseudomonas aeruginosa biofilms to hydrogen peroxide and monochloramine.
J. Appl. Microbiol., Oxford, v. 88, p. 22—-30, 2000.

CONWAY, P. L. Microbial ecology of the human large intestine. In: GIBSON, G. R;
MACFARLANE, G. T. (Ed.). Human colonic bacteria: role in nutrition, physiology,
and pathology. New Jersey: CRC Press, 1995. p. 1-24.

COOPER, G. D.; PROBER, I. L. The action of oxygen corona and of ozone on
polyethylene. J. Polym. Sci., New York, v. 44, n. 144, p. 397- 409, 1960.

CORTESI, R. V. G.; MURESAN, X. M. DRECHSLER, M.;CONTADO,
C.; ESPOSITO, E.; GRANDINI, A.; GUERRINI, A.; FORLANI, G.; SACCHETTI, G.
Nanostructured lipid carriers (NLC) for the delivery of natural molecules with
antimicrobial activity: production, characterisation and in vitro studies. J.
Microencapsul., London, v. 34, n. 1, p. 63-72, 2017.

COSTERTON, J. W.; LAPPIN-SCOTT, H. M. Introduction to microbial biofilms. In:
LAPPIN-SCOTT, H. M.; COSTERTON, J. W. (Ed.). Microbial biofilms. New York:
Cambridge University Press, 1995. p. 1-11.

COSTERTON, J. W.; CHENG, K. J.; GEESEY, G. G.; LADD, T. I.; NICKEL, J. C.;
DASGUPTA, M.; MARRIE, T. J. Bacterial biofilms in nature and disease. Annu. Rev.
Microbiol., Palo Alto, v. 41, p. 435-464, 1987.


https://www.ncbi.nlm.nih.gov/pubmed/?term=Chung%20YC%5BAuthor%5D&cauthor=true&cauthor_uid=15210068
https://www.ncbi.nlm.nih.gov/pubmed/?term=Su%20YP%5BAuthor%5D&cauthor=true&cauthor_uid=15210068
https://www.ncbi.nlm.nih.gov/pubmed/?term=Chen%20CC%5BAuthor%5D&cauthor=true&cauthor_uid=15210068
https://www.ncbi.nlm.nih.gov/pubmed/?term=Jia%20G%5BAuthor%5D&cauthor=true&cauthor_uid=15210068
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wang%20HL%5BAuthor%5D&cauthor=true&cauthor_uid=15210068
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wu%20JC%5BAuthor%5D&cauthor=true&cauthor_uid=15210068
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lin%20JG%5BAuthor%5D&cauthor=true&cauthor_uid=15210068
https://www.ncbi.nlm.nih.gov/pubmed/?term=Cortesi%20R%5BAuthor%5D&cauthor=true&cauthor_uid=28097914
https://www.ncbi.nlm.nih.gov/pubmed/?term=Muresan%20XM%5BAuthor%5D&cauthor=true&cauthor_uid=28097914
https://www.ncbi.nlm.nih.gov/pubmed/?term=Drechsler%20M%5BAuthor%5D&cauthor=true&cauthor_uid=28097914
https://www.ncbi.nlm.nih.gov/pubmed/?term=Contado%20C%5BAuthor%5D&cauthor=true&cauthor_uid=28097914
https://www.ncbi.nlm.nih.gov/pubmed/?term=Contado%20C%5BAuthor%5D&cauthor=true&cauthor_uid=28097914
https://www.ncbi.nlm.nih.gov/pubmed/?term=Esposito%20E%5BAuthor%5D&cauthor=true&cauthor_uid=28097914
https://www.ncbi.nlm.nih.gov/pubmed/?term=Grandini%20A%5BAuthor%5D&cauthor=true&cauthor_uid=28097914
https://www.ncbi.nlm.nih.gov/pubmed/?term=Guerrini%20A%5BAuthor%5D&cauthor=true&cauthor_uid=28097914
https://www.ncbi.nlm.nih.gov/pubmed/?term=Forlani%20G%5BAuthor%5D&cauthor=true&cauthor_uid=28097914
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sacchetti%20G%5BAuthor%5D&cauthor=true&cauthor_uid=28097914

45

COSTERTON, J. W.; LEWANDOWSKI, Z.; CALDWELL, D. E.; KORBER, D. R
LAPPIN-SCOTT, H. M. Microbial biofilms. Annu. Rev. Microbiol., Palo Alto, v. 49, p.
711-745, 1995.

COSTERTON, J. W.; STEWART, P. S.; GREENBERG, E. P. Bacterial biofiims: a
common cause of persistent infections. Science, New York, v. 284, n. 5418, p.
1318-1322, 1999.

DAROUICHE, R. O.; DHIR, A.; MILLER, A. J.; LANDON, G. C.; RAAD, I. I;
MUSHER, D. M. Vancomycin penetration into biofilm covering infected prostheses
and effect on bacteria. J. Infect. Dis., Chicago, v. 170, n. 3, p. 720-723, 1994.

DAROUICHE, R. O.; SMITH, A.; HANNA, H.; DHABUWALA, C. B.; STEINER, M. S,;
BABAIAN, R. J. Efficacy of antimicrobial-impregnated bladder catheters in reducing
catheter-associated bacteriuria: a prospective, randomized multicenter clinical trial.
Urology, New York, v. 54, n. 6, p. 976-981, 1999.

DAS, J. R.; BHAKOO, M.; JONES, M. V.; GILBERT, P. Changes in the biocide
susceptibility of Staphylococcus epidermidis and Escherichia coli cells associated
with rapid attachment to plastic surfaces. J. Appl. Microbiol., Oxford, v. 84, n. 5, p.
852-858, 1998.

DAS, S.; CHAUDHURY, A. Recent advances in lipid nanoparticle formulations with
solid matrix for oral drug delivery. AAPS PharmSciTech., New York, v. 12, n. 1, p.
62-76, 2011.

DAVENPORT, K.; KEELEY, F. X. Evidence for the use of silver-alloy-coated urethral
catheters. J. Hosp. Infect., London, v. 60, n. 4, p. 298-303, 2005.

DAVEY, M. E.; OTOOLE, G. A. Microbial biofiims: from ecology
to molecular genetics. Microbiol. Mol. Biol. Rev., Washington, v. 64, n. 4, p. 847—
867, 2000.

DAVIES, D. G.; PARSEK, M. R.; PEARSON, J. P.; IGLEWSKI, B. H.; COSTERTON,
J. W.; GREENBERG, E. P. The involvement of cell-to-cell signals in the development
of a bacterial biofilm. Science, New York, v. 280, n. 5361, p. 295-298, 1998.

DE BEER, D.; STOODLEY, P.; ROE, F.; LEWANDOWSKI, Z. Effects of biofilm
structure on oxygen distribution and mass transport. Biotechnol. Bioeng., New
York, v. 43, n. 11, p. 1131-1138, 1994.

DE WEGER, L. A.; VAN DER VLUGT, C.; WIJFJES, A. H. M.; BAKKER, P.
A.; SCHIPPERS, B.; LUGTENBERG, B. Flagella of a plant-growth-stimulating
Pseudomonas fluorescens strains are required for colonization of potato roots. J.
Bacteriol., Washington, v. 169, n. 6, p. 2769-2773, 1987.

DEVLIEGHERE, F.; VERMEULEN, A.; DEBEVERE, J. Chitosan: antimicrobial
activity, interactions with food components and applicability as a coating on fruit and
vegetables. Food Microbiol., Amsterdam, v. 21, n. 6, p. 703-714, 2004.

DONLAN, R. M. Biofilms: microbial life on surfaces. Emerg. Infect. Diseases,
Atlanta, v. 8, n. 9, p. 881-890, 2001.


https://www.ncbi.nlm.nih.gov/pubmed/?term=Bakker%20PA%5BAuthor%5D&cauthor=true&cauthor_uid=3294806
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bakker%20PA%5BAuthor%5D&cauthor=true&cauthor_uid=3294806
https://www.ncbi.nlm.nih.gov/pubmed/?term=Schippers%20B%5BAuthor%5D&cauthor=true&cauthor_uid=3294806
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lugtenberg%20B%5BAuthor%5D&cauthor=true&cauthor_uid=3294806

46

DONLAN, R. M.; COSTERTON, J. W. Biofilms: survival mechanisms of clinically
relevant micromicrorganisms. Clin. Microbiol. Rev., Washington, v. 15, n. 2, p. 167—
193, 2002.

DOWNER, A.; MORRIS, N.; FEAST, W. J.; STICKLER, D. Polymer surface
properties and their effect on the adhesion of Proteus mirabilis. Proc. Inst. Mech.
Eng. H, London, v. 217, n. 4, p. 279-289, 2003.

DOYLE, R. J. Contribution of the hydrophobic effect to microbial infection. Microbes
Infect., Paris, v. 2, n. 4, p. 391-400, 2000.

DUBOIS, M.; GILLES, K. A.; HAMILTON, J. K.; REBERS, P. A.; SMITH, F.
Colorimetric method for determination of sugars and related substances. Anal.
Chem., Orlando, v. 28, n. 3, p. 350-356, 1956.

DUNNE, W. M. Bacterial adhesion: seen any good biofilms lately? Clin. Microbiol.
Rev., Washington, v. 15, n. 2, p. 155- 166, 2002.

ELDER, M. J.; STAPLETON, F.; EVANS, E.; DART, J. K. G. Biofilm-related
infections in ophthalmology. Eye (Lond), London, v. 9, pt .1, p. 102-109, 1995.

EL-TAHLAWY, K. F.; EL-BENDARY, M. A.; ELHENDAWY, A. G.; HUDSON, S. M.
The antimicrobial activity of cotton fabrics treated with different cross linking agents
and chitosan. Carbohydr. Polym., London, v. 60, n. 4, p. 421-430, 2005.

EWING, W. H. Edwards and Ewing's Identification of Enterobacteriaceae. New
York: Elsevier, 1986.

FAHR, A.; LIU, X. Drug delivery strategies for poorly water-soluble drugs. Expert
Opin. Drug Deliv., London, v. 4, n. 4, p. 403—-416, 2007.

FARO, S.;FENNER, D. E. Urinary tract infections. Clin. Obstet. Gynecol.,
Hagerstown, v. 41, n. 3, p. 744-754, 1998.

FENELEY, R. C. L.; HOPLEY, I. B.; WELLS, P. N. T. Urinary catheters: history,
current status, adverse events and research agenda. J. Med. Eng. Technol.,
London, v. 39, n. 8, p. 459-470, 2015.

FLEMMING, H-C.; WINGENDER, J. The biofilm matrix. Nat. Rev. Microbiol.,
London, v. 8, n. 9, p. 623-633, 2010.

FLEMMING, H-C.; WINGENDER, J.; SZEWZYK, U.; STEINBERG, P.; RICE, S. A;;
KJELLEBERG, S. Biofilms: an emergent form of bacterial life. Nat. Rev. Microbiol.,
London, v. 14, n. 9, p. 563-575, 2016.

FLETCHER, A. The effects of culture concentration and age, time and temperature
on bacterial attachment to polystyrene. Can. J. Microbiol., Ottawa, v. 23, n. 1, p. 1-
6, 1977.

FLETCHER, M.; LOEB, G. I. Influence of substratum characteristics on the
attachment of a marine Pseudomonad to solid surfaces. Appl. Environ. Microbiol.,
Washington, v. 37, n. 1, p. 67-72, 1979.


https://www.ncbi.nlm.nih.gov/pubmed/?term=Faro%20S%5BAuthor%5D&cauthor=true&cauthor_uid=9742370
https://www.ncbi.nlm.nih.gov/pubmed/?term=Fenner%20DE%5BAuthor%5D&cauthor=true&cauthor_uid=9742370
https://www.ncbi.nlm.nih.gov/pubmed/9742370

47

FLORES-MIRELES, A. L.; WALKER, J. N.; CAPARON, M.; HULTGREN, S. J.
Urinary tract infections: epidemiology, mechanisms of infection and treatment
options. Nat. Rev. Microbiol., London, v. 13, n. 5, p. 269-284, 2015.

FONG, J. N. C.; YILDIZ, F. H. Biofilm matrix proteins. Microbiol. Spectr.,
Washington, v. 3, n. 2, 2015. DOI: 10.1128/microbiolspec.MB-0004-2014.

FONTE, P.; NOGUEIRA, T.; GEHM, C.; FERREIRA, D.; SARMENTO, B. Chitosan-
coated solid lipid nanoparticles enhance the oral absorption of insulin. Drug. Deliv.
Transl. Res., New York, v. 1, n. 4, p. 299-308, 2011.

FOXMAN, B. Urinary tract infection syndromes occurrence, recurrence, bacteriology,
risk factors, and disease burden. Infect. Dis. Clin. North Am., Philadelphia, v. 28, n.
1, p. 1-13, 2014.

FRANCOLINI, I.; DONELLI, G. Prevention and control of biofilm-based medical-
device-related infections. FEMS Immunol. Med. Microbiol., Oxford, v. 59, n. 3, p.
227-238, 2010.

GABRIEL, M. M.; SAWANT, A. D.; SIMMONS, R. B.; HEARN, D. G. Effects of silver
on adherence of bacteria to urinary catheters: in vitro studies. Curr. Microbiol., New
York, v. 30, n. 1, p. 17-22, 1995.

GALVAN, E. M.; MATEYCA C.; IELPI, L. Role of interspecies interactions in dual-
species biofilms developed in vitro by uropathogens isolated from polymicrobial
urinary catheter-associated bacteriuria. Biofouling, New York, v. 32, n. 9, p. 1067-
1077, 2016.

GANESAN, P.; RAMALINGAM, P.; KARTHIVASHAN, G.; TAG KO, Y.; CHOI, D-K.
Recent developments in solid lipid nanoparticle and surface-modified solid lipid
nanoparticle delivery systems for oral delivery of phytobioactive compounds in
various chronic diseases. Int. J. Nanomedicine, Auckland, v. 13, p. 1569-1583,
2018.

GANESH, C. K.; ANAND, S. K. Significance of microbial biofilms in food industry: a
review. Int. J. Food Microbiol., Amsterdam, v. 42, n. 1/2, p. 9-27, 1998.

GARCIA-FUENTES, M.; TORRES, D.; ALONSO, M. J. New surface-modified lipid
nanoparticles as delivery vehicles for salmon calcitonin. Int. J. Pharm., Amsterdam,
v. 296, n. 1/2, p. 122-132, 2005.

GARIBALDI, R. A.; BURKE, J. P.; DICKMAN, M. L.; SMITH, C. B. Factors
predisposing to bacteriuria during indwelling urethral catheterization. N. Engl. J.
Med., Boston, v. 291, n. 5, p. 215-219, 1974.

GELFUSO, G. M.; CUNHA-FILHO, M. S. S.; GRATIERI, T. Nanostructured lipid
carriers for targeting drug delivery to the epidermal layer. Ther. Deliv., London, v. 7,
n. 11, p. 735-737, 2016.

GIAOURIS, E.; CHAPOT-CHARTIER, M.; BRIANDET, R. Surface physicochemical
analysis of natural Lactococcus lactis strains reveals the existence of hydrophobic



48

and low charged strains with altered adhesive properties. Int. J. Food. Microbiol.,
Amsterdam, v. 131, n. 1, p. 2-9, 2009.

GOLDBERG, J. Biofilms and antibiotic resistance: a genetic linkage. Trends
Microbiol., Amsterdam, v. 10, n. 6, p. 264, 2002.

GOMES, L. C.; SILVA, L. N.; SIMOES, M.; MELO, L. F.; MERGULHAO, F. J.
Escherichia coli adhesion, biofilm development and antibiotic susceptibility on
biomedical materials. J. Biomed. Mater. Res A, Hoboken, v. 103, n. 4, p. 1414—
1423, 2015.

GOULTER, R.; GENTLE, I.; DYKES, G. Issues in determining factors influencing
bacterial attachment: a review using the attachment of Escherichia coli to abiotic
surfaces as an example. Lett. App. Microbiol.,Oxford, v. 49, n. 1, p. 1-7, 2009.

GOY, R. C,; BRITTO, D.; ASSIS, O. B. G. A review of the antimicrobial activity of
chitosan. Polimeros: ciéncia e tecnologia, Sdo Carlos, v. 19, n. 3, p. 241-247, 2009.

GOY, R. C.; MORAIS, S. T. B.; ASSIS, O. B. G. Evaluation of the antimicrobial
activity of chitosan and its quaternized derivative on E. coli and S. aureus growth.
Rev. Bras. Farmacogn., Curitiba, v. 26, n. 1, p. 122-127, 2016.

HALEY, R. W.; HOOTON, T. M.; CULVER, D. H.; STANLEY, R. C.; EMORI, T.
G.; HARDISON, C. D.; QUADE, D.; SHACHTMAN, R. H.; SCHABERG, D. R.; SHAH,
B. V.; SCHATZ, G. D. Nosocomial infections in U.S. hospitals, 1975-1976: estimated
frequency by selected characteristics of patients. Am. J. Med., New York, v. 70, n. 4,
p. 947-959, 1981.

HANNAN, T. J.; TOTSIKA, M.; MANSFIELD, K. J.; MOORE, K. H.; SCHEMBRI, M.
A.; HULTGREN, S. J. Host-pathogen checkpoints and population bottlenecks in
persistent and intracellular uropathogenic Escherichia coli bladder infection. FEMS
Microbiol. Rev., Amsterdam, v. 36, n. 3, p. 616-648, 2012.

HAYDON, D. A. The electrical double layer and electrokinetic phenomena. In:
DANIELLI, J. F.; PANKHURST, K. G. A.; RIDDIFORD, A. C. (Ed.). Recent progress
in surface science. New York : Academic Press, 1964. v. 1, p. 94-158.

HEILMANN, C. Adhesion mechanisms of Staphylococci. Adv. Exp. Med. Biol., New
York, v. 715, p. 105-123, 2011.

HERIGSTAD, B.; HAMILTON, M.; HEERSINK, J. How to optimize the drop plate
method for enumerating bacteria. J. Microbiol. Methods, Amsterdam, v. 44, n. 2, p.
121-129, 2001.

HERRMANN, M.; VAUDAUX, P. E.; PITTET, D.; AUCKENTHALER, R.; LEW, P. D;;
SCHUMACHER-PERDREAU, F.; PETERS, G.; WALDVOGEL, F. A. Fibronectin,
fibrinogen and laminin act as mediators of adherence of clinical staphylococcal
isolates to foreign material. J. Infect. Dis., Chicago, v. 158, p. 653—-702, 1988.

HILBERT, D. W. Antibiotic resistance in urinary tract infections: current issues and
future solutions. In: TENKE, P. (Ed.). Urinary tract infections. London: IntechOpen,
2011.


https://www.ncbi.nlm.nih.gov/pubmed/?term=Stanley%20RC%5BAuthor%5D&cauthor=true&cauthor_uid=6938129
https://www.ncbi.nlm.nih.gov/pubmed/?term=Emori%20TG%5BAuthor%5D&cauthor=true&cauthor_uid=6938129
https://www.ncbi.nlm.nih.gov/pubmed/?term=Emori%20TG%5BAuthor%5D&cauthor=true&cauthor_uid=6938129
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hardison%20CD%5BAuthor%5D&cauthor=true&cauthor_uid=6938129
https://www.ncbi.nlm.nih.gov/pubmed/?term=Quade%20D%5BAuthor%5D&cauthor=true&cauthor_uid=6938129
https://www.ncbi.nlm.nih.gov/pubmed/?term=Shachtman%20RH%5BAuthor%5D&cauthor=true&cauthor_uid=6938129
https://www.ncbi.nlm.nih.gov/pubmed/?term=Schaberg%20DR%5BAuthor%5D&cauthor=true&cauthor_uid=6938129
https://www.ncbi.nlm.nih.gov/pubmed/?term=Shah%20BV%5BAuthor%5D&cauthor=true&cauthor_uid=6938129
https://www.ncbi.nlm.nih.gov/pubmed/?term=Shah%20BV%5BAuthor%5D&cauthor=true&cauthor_uid=6938129
https://www.ncbi.nlm.nih.gov/pubmed/?term=Schatz%20GD%5BAuthor%5D&cauthor=true&cauthor_uid=6938129

49

HOOTON, T. M. Uncomplicated urinary tract infection. New Engl. J. Med., v. 366, p.
1028-1037, 2012.

HOSSEINI, S. F.; REZAEI, M.; ZANDI, M.; FARAHMANDGHAVI, F. Development of
bioactive fish gelatin/chitosan nanoparticles composite films with antimicrobial
properties. Food Chem., Barking, v. 194, p. 1266-1274, 2016.

HULL, R.; RUDY, D.; DONOVAN, W.; SVANBORG, C.; WIESER, |.; STEWART, C;
DAROUICHE, R. Urinary tract infection prophylaxis using Escherichia coli 83972 in
spinal cord injured patients. J. Urol., Baltimore, v. 163, n. 3, p. 872-877, 2000.

JING, Y. J.; HAO, Y. J.; QU, H.; SHAN, Y.; LI, D. S.; DU, R. Q. Studies on the
antibacterial activities and mechanisms of chitosan obtained from cuticles of housefly
larvae. Acta Biol. Hung., v. 58, n. 1, p. 75-86, 2007.

JOHNSON, J. R.; STELL, A. L. Extended virulence genotypes of Escherichia coli
strains from patients with urosepsis in relation to phylogeny and host compromise. J.
Infect. Dis., Oxford, v. 181, n. 6, p. 261-272, 2000.

KAMEL, K. M.; KHALIL, I. A.; RATEB, M. E.; ELGENDY, H.; ELHAWARY, S.
Chitosan-coated Cinnamon/Oregano-loaded solid lipid nanoparticles to augment
5-Fluorouracil cytotoxicity for colorectal cancer: extract standardization, nanoparticle
optimization, and cytotoxicity evaluation. J. Agric. Food Chem., Washington, v. 65,
p. 7966-7981, 2017.

KAMPF, G. Adaptive bacterial response to low level chlorhexidine exposure and its
implications for hand hygiene. Microb. Cell, Graz, v. 6, n. 7, p. 307-320, 2019.

KAMPF, G. Acquired resistance to chlorhexidine - is it time to establish an 'antiseptic
stewardship' initiative? J. Hosp. Infect., London, v. 94, n. 3, p. 213-227, 2016.

KAPER, J. B.; NATARO, J. P.; MOBLEY, H. L. Pathogenic Escherichia coli. Nat.
Rev. Microbiol., London, v. 2, n. 2, p. 123-140, 2004.

KOCHKODAN, V.; TSARENKO, S.; POTAPCHENKO, N.; KOSINOVA, V.
GONCHARUK, V. Adhesion of microorganisms to polymer membranes: a photo-
bactericidal effect of surface treatment with TiO2. Desalination, Amsterdam, v. 220,
n. 1-3, p. 380-385, 2008.

KONG, M.; CHEN, X. G.; XING, K.; PARK, H. Antimicrobial properties of chitosan
and mode of action: a state of the art review. Int. J. Food Microbiol., Amsterdam, v.
144,n. 1, p. 51- 63, 2010.

KRASOWSKA, A.; SIGLER, K. How microorganisms use hydrophobicity and what
does this mean for human needs? Front. Cell. Infect. Microbiol., Lausanne, v. 4, n.
112, 2014. DOI: 10.3389/fcimb.2014.00112.

KUMAR, A.; ALAM, A.; RANI, M.; EHTESHAM, N. Z.; HASNAIN, S. E. Biofilms:
survival and defense strategy for pathogens. Int. J. Med. Microbiol., Jena, v. 307,
n. 8, p. 481-489, 2017.


https://akademiai.com/doi/abs/10.1556/ABiol.57.2007.1.7
https://akademiai.com/doi/abs/10.1556/ABiol.57.2007.1.7
https://akademiai.com/doi/abs/10.1556/ABiol.57.2007.1.7

50

KUMAR, M. N.; MUZZARELLI, R. A.; MUZZARELLI, C.; SASHIWA, H.; DOMB, A. J.
Chitosan chemistry and pharmaceutical perspectives. Chem. Rev., Washington, v.
104, n. 12, p. 6017-6084, 2004.

KUMON, H.; TOMOCHIKA, K.; MATUNAGA, T.; OGAWA, M.; OHMORI, H. A
sandwich cup method for the penetration assay of antimicrobial agents through
Pseudomonas exopolysaccharides. Microbiol. Immunol., Tokyo, v. 38, n. 8, p. 615—
619, 1994.

KUNIN, C. M.; MCCORMACK, R. C. Prevention of catheter-induced urinary-tract
infections by sterile closed drainage. N. Engl. J. Med., v. 274, n. 21, p. 1155-1161,
1966.

LAI, K. K.; FONTECCHIO, S. A. Use of silver-hydrogel urinary catheters on the
incidence of catheter-associated urinary tract infections in hospitalized patients. Am.
J. Infect. Control, St. Louis, v. 30, n. 4, p. 221-225, 2002.

LASON, E.; SIKORA, E.; OGONOWSKI, J. Influence of process parameters on
properties of Nanostructured Lipid Carriers (NLC) formulation. Acta Biochim. Pol.,
Warszawa, v. 60, n. 4, p. 773-777, 2013.

LEBEAUX, D.; CHAUHAN, A.; RENDUELES, O.; BELOIN, C. From in vitro to in vivo
models of bacterial biofilm-related infections. Pathogens, Basel, v. 2, n. 2, p. 288—
356, 2013.

LEVISON, ME.; KAYE, D. Treatment of complicated urinary tract infections with an
emphasis on drug-resistant gram-negative uropathogens. Curr. Infect. Dis. Rep.,
Philadelphia, v. 15, n. 2, p. 109-115, 2013.

LEWANDOWSKI, Z. Structure and function of biofilms. In: Evans, L. V. (Ed.).
Biofilms: recent advances in their study and control. Amsterdam: Harwood
Academic, 2000. p. 1-17.

LICHTENBERGER, P.; HOOTON, T. M. Complicated urinary tract infections. Curr.
Infect. Dis. Rep., Philadelphia, v. 10, n. 6, p. 499-504, 2008.

LIEDBERG, H.; LUNDEBERG, T.; EKMAN, P. Refinements in the coating of urethral
catheters reduces the incidence of catheter-associated bacteriuria. An experimental
and clinical study. Eur. Urol., Amsterdam, v. 17, n. 3, p. 236-240, 1990.

LIMOLI, D. H.; JONES, C. J.; WOZNIAK, D. J. Bacterial extracellular polysaccharides
in biofilm formation and function. Microbiol. Spectr., Washington, v. 3, n. 3, p. 1-19,
2015. DOI: 10.1128/microbiolspec.MB-0011-2014.

LIN, K.; FAJARDO, K.; U.S. PREVENTIVE SERVICES TASK FORCE. Screening for
asymptomatic bacteriuria in adults: evidence for the U.S. Preventive Services Task
Force reaffirmation recommendation statement. Ann. Intern Med., Philadelphia, v.
149, n. 1, p. W20-4, 2008.

LIU, H.; DU, Y.; WANG, X.; SUN, L. Chitosan kills bacteria through cell membrane
damage. Int. J. Food Microbiol., Amsterdam, v. 95, n. 2, p. 147-155, 2004.



51

MAIRA-LITRAN, T.; ALLISON, D. G.; GILBERT, P. An evaluation of the potential of
the multiple antibiotic resistance operon (mar) and the multidrug efflux pump acrAB
to moderate resistance towards ciprofloxacin in Escherichia coli biofilms. J.
Antimicrob. Chemother., London, v. 45, n. 6, p. 789-795, 2000.

MAOLIN, Z.; JUN, L.; MIN, Y.; HONGFEI, H. The swelling behaviour of radiation
prepared semi-interpenetrating polymer networks composed of polyNIPAAm and
hydrophilic polymers. Radiat. Phys. Chem., Oxford, v. 58, n. 4, p. 397-400, 2000.

MARCATO, P. D.; ADAMI, L. F.; BARBOSA, R. M.; MELO, P. S.; FERREIRA, I. R;;
PAULA, L.; DURAN, N.; SEABRA, A. B. Development of a sustained-release system
for Nitric Oxide delivery using alginate/chitosan nanoparticles. Curr. Nanosci., San
Francisco, v. 9, p. 1-7, 2013.

MCFETERS, G. A.; BAZIN, M. J.; BRYERS, J. D.; CALDWELL, D. E.; CHARACKLIS,
W. G.; LUND, D. B.; MIRELMAN, D.; MITCHELL, R.; SUBERT, R. H. W.; TANAKA,
T.; WHITE, D. C. Biofilm development and its consequences. In: MARSHAL, K. C.
(Ed.). Microbial adhesion and aggregation. Berlin: Springer, 1984. p. 109-124.
(Life Sciences Research Reports, v. 31).

MEHNERT, W.; MADER, K. Solid lipid nanoparticles: production, characterization
and applications. Adv. Drug Deliv. Rev., Amsterdam, v. 47, n. 2/3, p. 165-196,
2001.

MIAO, J.; DU, Y.; YUAN, H.; ZHANG, X.; LI, Q.; RAO, Y.; ZHAO, M.; HU, F.
Improved cytotoxicity of paclitaxel loaded in nanosized lipid carriers by intracellular
delivery. J. Nanopart. Res., London, v. 17, p. 1-13, 2015.

MOORE, T. L.; RODRIGUEZ-LORENZO, L.; HIRSCH, V.; BALOG, S.; URBAN, D.;
JUD, C.; ROTHEN-RUTISHAUSER, B.; LATTUADA, M.; PETRI-FINK, A.
Nanoparticle colloidal stability in cell culture media and impact on cellular
interactions. Chem. Soc. Rev., London, v. 44, n. 17, p. 6287-6305, 2015.

MORRIS, N. S.; STICKLER, D. J.; MCLEAN, R. J. The development of bacterial
biofilms on indwelling urethral catheters. World J. Urol., Berlin, v. 17, n. 6, p. 345—
350, 1999.

MULLER, R. H.; OLBRICH, C. Neue Adjuvantien in der Impfstoff technologie.
Pharmazeutische Biotechnologie W. Verlagsgesellschaft. Stuttgart:
Wissenschatftliche Verlagsgesellschaft, 2000. p. 283-302,

MUXIKA, A.; ETXABIDE, A.; URANGA, J.; GUERRERO, P.; DE LA CABA, K.
Chitosan as a bioactive polymer: processing, properties and applications. Int. J. Biol.
Macromol., Amsterdam, v. 105, pt. 2, p. 1358-1368, 2017.

NAFICY, S.; BROWN, H. R.; RAZAL, J. M.; SPINKS, G. M.; WHITTEN, P. G.
Progress toward robust polymer hydrogels. Aus. J. Chem., Melbourne, v. 64, n. 8, p.
1007-1025, 2011.


https://www.ncbi.nlm.nih.gov/pubmed/?term=Moore%20TL%5BAuthor%5D&cauthor=true&cauthor_uid=26056687
https://www.ncbi.nlm.nih.gov/pubmed/?term=Rodriguez-Lorenzo%20L%5BAuthor%5D&cauthor=true&cauthor_uid=26056687
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hirsch%20V%5BAuthor%5D&cauthor=true&cauthor_uid=26056687
https://www.ncbi.nlm.nih.gov/pubmed/?term=Balog%20S%5BAuthor%5D&cauthor=true&cauthor_uid=26056687
https://www.ncbi.nlm.nih.gov/pubmed/?term=Urban%20D%5BAuthor%5D&cauthor=true&cauthor_uid=26056687
https://www.ncbi.nlm.nih.gov/pubmed/?term=Jud%20C%5BAuthor%5D&cauthor=true&cauthor_uid=26056687
https://www.ncbi.nlm.nih.gov/pubmed/?term=Rothen-Rutishauser%20B%5BAuthor%5D&cauthor=true&cauthor_uid=26056687
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lattuada%20M%5BAuthor%5D&cauthor=true&cauthor_uid=26056687
https://www.ncbi.nlm.nih.gov/pubmed/?term=Petri-Fink%20A%5BAuthor%5D&cauthor=true&cauthor_uid=26056687
https://www.ncbi.nlm.nih.gov/pubmed/26056687

52

NIE, J.; PEIl, B.; WANG, Z.; HU, Q. Construction of ordered structure in
polysaccharide hydrogel: a review. Carbohydr. Polym., Barking, v. 205, n. 1, p.
225-235, 2019.

NIE, J.; WANG, Z.; ZHANG, K.; HU, Q. Biomimetic multi-layered hollow chitosan—
tripolyphosphate rod with excellent mechanical performance. RSC Adv., Cambridge, v.
5, p. 37346-37352, 2015.

NIELUBOWICZ, G. R.; MOBLEY, H. L. Host-pathogen interactions in urinary tract
infection. Nat. Rev. Urol., London, v. 7, n. 8, p. 430—441, 2010.

OTOOLE, G. A.,; KOLTER, R. Initiation of biofiim formation in
Pseudomonas fluorescens WCS365 proceeds via multiple, convergent, signalling
pathways: a genetic analysis. Mol. Microbiol., Oxford, v. 28, n. 3, p. 449-461, 1998.

OWENS, D. K. Mechanism of corona-induced self adhesion of polyethylene film. J.
Appl. Polym. Sci., Hoboken, v. 19, n. 1, p. 265-271, 1975.

PANG, C. M.; HONG, P.; GUO, H.; LIU, W. T. Biofilm formation characteristics of
bacterial isolates retrieved from a reverse osmosis membrane. Environ. Sci.
Technol., Washington, v. 39, n. 19, p. 7541-7550, 2005.

PAULA, A. J.; KOO, H. Nanosized building blocks for customizing novel antibiofilm
approaches. J. Dent. Res., Chicago, v. 96, n. 2, p. 128-136, 2017.

PAVITHRA, D.; DOBLE, M. Biofilm formation, bacterial adhesion and host response
on polymeric implants — issues and prevention. Biomed. Mater., Bristol, v. 3, n. 3, p.
1-13, 2008.

PENG, J. S.; TSAI, W. C.; CHOU, C. C. Inactivation and removal of Bacillus cereus
by sanitizer and detergent. Int. J. Food Microbiol., Amsterdam, v. 77, n. 1/2, p. 11-
18, 2002.

PERCIVAL, S. L.; SULEMAN, L.; VUOTTO, C.; DONELLI, G. Healthcare-associated
infections, medical devices and biofilms: risk, tolerance and control. J. Med.
Microbiol., London, v. 64, pt. 4, p. 323-334, 2015.

PETROVA, O. E.; SAUER, K. Escaping the biofilm in more than one way: desorption,
detachment or dispersion. Curr. Opin. Microbiol., London, v. 30, p. 67-78, 2016.



53

PIVETTA, T. P.; SIMOES, S.; ARAUJO, M. M.; CARVALHO, T.; ARRUDA, C.;
MARCATO, P. D. Development of nanoparticles from natural lipids for topical
delivery of thymol: Investigation of its anti-inflammatory properties. Colloids Surf. B
Biointerfaces, Amsterdam, v. 164, p. 281-290, 2018.

PIVETTA, T. P.; SILVA, L. B.; KAWAKAMI, C. M.; ARAUJO, M. M.; DEL LAMA, M. P.
F. M.; NAAL, R. M. Z. G.; MARIA-ENGLER, S. S.; GASPAR, L. R.; MARCATO, P.
D. Topical formulation of quercetin encapsulated in natural lipid nanocarriers:
evaluation of biological properties and phototoxic effect. J. Drug Deliv. Sci.
Technol., Paris, v. 53, p. 101148, 20109.

PROSSER, B. T.; TAYLOR, D.; DIX, B. A.; CLEELAND, R. Method of evaluating
effects of antibiotics on bacterial biofilm. Antimicrob. Agents Chemother.,
Washington, v. 31, n. 10, p. 1502-1506, 1987.

PUGACH, J. L.; DITIZIO, V.; MITTELMAN, M. W.; BRUCE, A. W.; DICOSMO, F,;
KHOURY, A. Antibiotic hydrogel coated foley catheters for prevention of urinary tract
infection in a rabbit model. J. Urol., Baltimore, v. 162, p. 883-887, 1999.

RAAFAT, D.; VON BARGEN, K.; HAAS, A.; SAHL, H. G. Insights into the mode of
action of chitosan as an antibacterial compound. Appl. Environ. Microbiol.,
Washington, v. 74, n. 12, p. 3764-3773, 2008.

RAHMANI-BADI, A.; SEPEHR, S.; MOHAMMADI, P.; SOUDI, M. R.; BABAIE-
NAIEJ, H.; FALLAHI, H. A combination of cis-2-decenoic acid and antibiotics
eradicates pre-established catheter-associated biofilms. J. Med. Microbiol., London,
v. 63, pt. 11, p. 1509-1516, 2014.

RAMPINO, A.; BORGOGNA, M.; BLASI, P.; BELLICH, B.; CESARO, A. Chitosan
nanoparticles: preparation, size evolution and stability. Int. J. Pharm., Amsterdam, v.
455, n. 1/2, p. 219-228, 2013.

RIDOLFI, D. M.; MARCATO, P. D.; JUSTO, G. Z.; CORDI, L.; MACHADO, D.;
DURAN, N. Chitosan-solid lipid nanoparticles as carriers for topical delivery of
tretinoin. Colloids Surf. B Biointerfaces, Amsterdam, v. 93, p. 36—40, 2012.

RUMBAUGH, K. P.; AHMAD, I. (Ed.). Antibiofilm agents: from diagnosis to
treatment and prevention. Berlin: Springer, 2014.

SAINT, S.; KOWALSKI, C. P.; KAUFMAN, S. R.; HOFER, T. P.; KAUFFMAN, C. A;;
OLMSTED, R. N.; FORMAN, J.;BANASZAK-HOLL, J.; DAMSCHRODER,
L.; KREIN, S. L. Preventing hospital-acquired urinary tract infection in the United
States: a national study. Clin. Infect. Dis., Oxford, v. 46, n. 2, p. 243-250, 2008.

SAINT, S.; LIPSKY, B. A. Preventing catheter-related bacteriuria: should we? Can
we? How? Arch. Intern. Med., Chicago, v. 159, n. 8, p. 800-808, 1999.

SALOMAO, R.; ROSENTHAL, V. D.; GRIMBERG, G.; NOUER, S.; BLECHER, S,
BUCHNER-FERREIRA, S.; VIANNA, R.; MARETTI-DA-SILVA, M. A. Device-
associated infection rates in intensive care units of Brazilian hospitals: findings of the
International Nosocomial Infection Control Consortium. Rev. Panam. Salud Publica,
Washington, v. 24, n. 3, p. 195-202, 2008.


https://www.ncbi.nlm.nih.gov/pubmed/?term=Pivetta%20TP%5BAuthor%5D&cauthor=true&cauthor_uid=29413607
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sim%C3%B5es%20S%5BAuthor%5D&cauthor=true&cauthor_uid=29413607
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ara%C3%BAjo%20MM%5BAuthor%5D&cauthor=true&cauthor_uid=29413607
https://www.ncbi.nlm.nih.gov/pubmed/?term=Carvalho%20T%5BAuthor%5D&cauthor=true&cauthor_uid=29413607
https://www.ncbi.nlm.nih.gov/pubmed/?term=Arruda%20C%5BAuthor%5D&cauthor=true&cauthor_uid=29413607
https://www.ncbi.nlm.nih.gov/pubmed/?term=Marcato%20PD%5BAuthor%5D&cauthor=true&cauthor_uid=29413607
https://www.ncbi.nlm.nih.gov/pubmed/29413607
https://www.ncbi.nlm.nih.gov/pubmed/29413607
https://www.ncbi.nlm.nih.gov/pubmed/?term=Forman%20J%5BAuthor%5D&cauthor=true&cauthor_uid=18171256
https://www.ncbi.nlm.nih.gov/pubmed/?term=Banaszak-Holl%20J%5BAuthor%5D&cauthor=true&cauthor_uid=18171256
https://www.ncbi.nlm.nih.gov/pubmed/?term=Damschroder%20L%5BAuthor%5D&cauthor=true&cauthor_uid=18171256
https://www.ncbi.nlm.nih.gov/pubmed/?term=Damschroder%20L%5BAuthor%5D&cauthor=true&cauthor_uid=18171256
https://www.ncbi.nlm.nih.gov/pubmed/?term=Krein%20SL%5BAuthor%5D&cauthor=true&cauthor_uid=18171256

54

SANDRI, G.; BONFERONI, M.; GOKCE, E. H.; FERRARI, F.; ROSSI, S.; PATRINI,
M.; CARAMELLA, C. Chitosan-associated SLN: in vitro and ex vivo characterization
of cyclosporine A loaded ophthalmic systems. J. Microencapsul., London, v. 27, n.
8, p. 735-746, 2010.

SARMENTO, B.; MAZZAGLIA, D.; BONFERONI, M. C.; NETO, A. P.; MONTEIRO,
M. C.; SEABRA, V. Effect of chitosan coating in overcoming the phagocytosis of
insulin loaded solid lipid nanoparticles by mononuclear phagocyte system.
Carbohydr. Polym., Barking, v. 84, n. 3, p. 919-925, 2011.

SCHMUDDE, Y.; OLSON-SITKI, K.; BOND, J.; CHAMBERLAIN, J. Navel to knees
with chlorhexidine gluconate: preventing catheter-associated urinary tract infections.
Dimens. Crit. Care Nurs., Hagerstown, v. 38, n. 5, p. 236-240, 2019.

SEBTI, I.; MARTIAL-GROS, A.; CARNET-PANTIEZ, A.; GRELIER, S.; COMA, V.
Chitosan polymer as Dbioactive coating and film against Aspergillus
niger contamination. J. Food Sci., Champaign, v. 70, n. 2, p. M100 - M104, 2005.

SEKIGUCHI, S.; MIURA, Y.; KANEKO, H.; NISHIMURA, S. |.; NISHI, N.; IWASE, M.;
TOKURA, S. Molecular weight dependency of antimicrobial activity by chitosan
oligomers. In: NISHINARI, K.; DOI, E. (Ed.). Food hydrocolloids: structures,
properties and functions. New York: Plenum Press, 1994.

SEVDA, S.; MCCLUREB, S. J. Potential applications of chitosan in veterinary
medicine. Adv. Drug Delivery Rev., Amsterdam, v. 56, n. 10, p. 1467-1480, 2004.

SEVERINO, R.; FERRARI, G.; VU, K. D.; DONSI, F.; SALMIERI, S.; LACROIX, M.
Antimicrobial effects of modified chitosan based coating containing nanoemulsion of
essential oils: modified atmosphere packaging and gamma irradiation against
Escherichia coli 0157:H7 and Salmonella typhimurium on green beans. Food
Control, Amsterdam, v. 50 p. 215-222, 2015.

SEVIOUR, T.; DERLON, N.; DUEHOLM, M. S.; FLEMMING, H-C.; GIRBAL
NEUHAUSER, E.; HORN, H.; KJELLEBERG, S.; VAN LOOSDRECHT, M. C. M,;
LOTTI, T.; MALPEI, M. F.; NERENBERG, R.; NEU, T. R.; PAUL, E.; YU, H.; LIN, Y.
Extracellular polymeric substances of biofilms: suffering from an identity crisis. Water
Res., Oxford, v. 151, p. 1-7, 2019.

SHARMA, A.; SHARMA, U. S. Liposomes in drug delivery: progress and limitations.
Int. J. Pharm., Amsterdam, v. 154, n. 2, p. 123-140, 1997.

SHIGETA, M.; TANAKA, G.; KOMATSUZAWA, H.; SUGAI, M.; SUGINAKA, H.;
USUI, T. Permeation of antimicrobial agents through Pseudomonas aeruginosa
biofilms: a simple method. Chemotherapy, Basel, v. 43, n. 5, p. 340-345, 1997.

SIMOES, M.; SIMOES, L. C.; VIEIRA, M. J. A review of current and emergent biofilm
control strategies. Lebenson Wiss. Technol., London, v. 43, n. 4, p. 573-583, 2010.

SINGLA, S.; HARJAI, K.; CHHIBBER, S. Susceptibility of different phases of biofilm
of Klebsiella pneumoniae to three different antibiotics. J. Antibiot. (Tokyo), Tokyo, v.
66, n. 2, p. 61-66, 2013.


https://www.ncbi.nlm.nih.gov/pubmed/?term=Kjelleberg%20S%5BAuthor%5D&cauthor=true&cauthor_uid=30557778
https://www.ncbi.nlm.nih.gov/pubmed/?term=van%20Loosdrecht%20MCM%5BAuthor%5D&cauthor=true&cauthor_uid=30557778
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lotti%20T%5BAuthor%5D&cauthor=true&cauthor_uid=30557778
https://www.ncbi.nlm.nih.gov/pubmed/?term=Malpei%20MF%5BAuthor%5D&cauthor=true&cauthor_uid=30557778
https://www.ncbi.nlm.nih.gov/pubmed/?term=Nerenberg%20R%5BAuthor%5D&cauthor=true&cauthor_uid=30557778
https://www.ncbi.nlm.nih.gov/pubmed/?term=Neu%20TR%5BAuthor%5D&cauthor=true&cauthor_uid=30557778
https://www.ncbi.nlm.nih.gov/pubmed/?term=Paul%20E%5BAuthor%5D&cauthor=true&cauthor_uid=30557778
https://www.ncbi.nlm.nih.gov/pubmed/?term=Yu%20H%5BAuthor%5D&cauthor=true&cauthor_uid=30557778
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lin%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=30557778

55

SOLANO, C.; GARCIA, B.; VALLE, J.; BERASAIN, C.; GHIGO, J. M.; GAMAZO, C,;
LASA, |. Genetic analysis of Salmonella enteritidis biofilm formation: critical role of
cellulose. Mol. Microbiol., Oxford, v. 43, n. 3, p. 793-808, 2002.

SOUTO, E. B.; MULLER, R. H. Lipid Nanoparticles: effect on bioavailability and
pharmacokinetic changes. In: SCHAFER-KORTING, M. (Ed.). Drug delivery. Berlin:
Heidelberg: Springer Verlag, 2010. p. 115-141. (Handbook of Experimental
Pharmacology, v. 197).

SPAULDING, C. N.; HULTGREN, S. J. Adhesive pili in UTI pathogenesis and drug
development. Pathogens, Basel, v. 5, n. 1, p. 18, 2016.

SREEKUMAR, S.; GOYCOOLEA, F. M.; MOERSCHBACHER, B. M.; RIVERA-
RODRIGUEZ, G. R. Parameters influencing the size of chitosan-TPP nano- and
microparticles. Sci. Rep., London, v. 8, n. 1, p. 4695, 2018.

STAMM, W. E.; NORRBY, S. R. Urinary tract infections: disease panorama and
challenges. J. Infect. Dis., Oxford, v. 183, p. S1-S4, 2001. Suppl. 1.

STEWART, P. S. Mechanisms of antibiotic resistance in bacterial biofilms. Int. J.
Med. Microbiol., Jena, v. 292, n. 2, p. 107-113, 2002.

STEWART, P. S.; COSTERTON, J. W. Antibiotic resistance of bacteria in biofilms.
Lancet, London, v. 358, n. 9276, p. 135 — 138, 2001.

SUCI, P. A.;; MITTELMAN, M. W.; YU, F. P.; GEESEY, G. G. Investigation of
ciprofloxacin penetration into Pseudomonas aeruginosa biofilms. Antimicrob.
Agents Chemother., Washington, v. 38, n. 9, p. 2125-2133, 1994.

SWIDAN, S. A.; GHONAIM, H. M.; SAMY, A. M.; GHORAB, M. M. Efficacy and in
vitro cytotoxicity of nanostructured lipid carriers for Paclitaxel delivery. J. Appl.
Pharm. Sci., Gwalior, v. 6, n. 9, p. 018-026, 2016.

TACK, K. J.; SABATH, L. D. Increased minimum inhibitory concentrations with
anaerobiosis for tobramycin, gentamicin, and amikacin,
compared to latamoxef, piperacillin, chloramphenicol, and clindamycin.
Chemotherapy, Basel, v. 31, n. 3, p. 204-210, 1985.

TAKASHI, L.; HATSUMI, T.; MAKOTO, M.; TAKASHI, |.; TAKEHIKO, G.; SHUJI, S.
Synthesis of porous poly(N-isopropylacrylamide) gel beads by sedimentation
polymerization and their morphology. J. Appl. Polym. Sci., New York, v. 104, n. 2, p.
842, 2007.

TAYLOR, R. L.; VERRAN, J.; LEES, G. C.; WARD, A. J. The influence of substratum
topography on bacterial adhesion to polymethylmethacrylate. J. Mater. Sci. Mater.
Med., London, v. 9, n. 1, p. 17-22, 1998.

TRUJILLO, C. C.; WRIGHT, A. J. Properties and stability of solid lipid particle
dispersions based on canola stearin and poloxamer 188. J. Am. Oil Chem Soc.,
Champaign, v. 87, n. 7, p. 715-730, 2010.


https://www.springer.com/series/164
https://www.springer.com/series/164
https://www.ncbi.nlm.nih.gov/pubmed/?term=Stewart%20PS%5BAuthor%5D&cauthor=true&cauthor_uid=12195733
https://www.ncbi.nlm.nih.gov/pubmed/12195733
https://www.ncbi.nlm.nih.gov/pubmed/12195733

56

TUOMANEN, E.; COZENS, R.; TOSCH, W.; ZAK, O.; TOMASZ, A. The rate of killing
of Escherichia coli by B-lactam antibiotics is strictly proportional to the rate of
bacterial growth. J. Gen. Microbiol., London, v. 132, n. 5, p. 1297-1304, 1986.

WALSH, C. Molecular mechanisms that confer antibacterial drug resistance.
Nature, Basingstoke, v. 406, n. 6797, p. 775-781, 2000.

WARREN, J. W.; ABRUTYN, E.; HEBEL, J. R. Guidelines for antimicrobial treatment
of uncomplicated acute bacterial cystitis and acute pyelonephritis in women. Clin.
Infect. Dis., Oxford, v. 29, n. 4, p. 745-758, 1999.

WARREN, J. W.; DAMRON, D.; TENNEY, J. H.; HOOPES, J. M.; DEFORGE, B.;
MUNCIE, H. L. Fever, bacteremia, and death as complications of bacteriuria in
women with long-term urethral catheters. J. Infect. Dis., Oxford, v. 155, n. 6, p.
1151-1158, 1987.

WEBER, D. J.; SICKBERT-BENNETT, E. E.; GOULD, C. V.; BROWN, V. M,
HUSLAGE, K.; RUTALA, W. A. Incidence of catheter-associated and non-catheter-
associated urinary tract infections in a healthcare system. Infect. Control. Hosp.
Epidemiol., Cambridge, v. 32, n. 8, p. 822-823, 2011.

WHITCHURCH, C. B.; TOLKER-NIELSEN, T.; RAGAS, P. C.; MATTICK, J. S.
Extracellular DNA required for bacterial biofilm formation. Science, Washington, v.
295, n. 5559, p. 1487, 2002.

WI, Y. M.; PATEL, R. Understanding biofilms and novel approaches to the diagnosis,
prevention, and treatment of medical device-associated infections. Infect. Dis. Clin.
North Am., Philadelphia, v. 32, n. 4, p. 915-929, 2018.

WICHTERLE, O.; LiM, D. Hydrophilic gels for biological use. Nature, Basingstoke, v.
185, p. 117-118, 1960.

WILLIAMS, I.; VENABLES, W. A.; LLOYD, D.; PAUL, F.; CRITCHLEY, I. The effects
of adherence to silicone surfaces on antibiotic susceptibility in Staphylococcus
aureus. Microbiology, London, v. 143, pt. 7, p. 2407-2413, 1997.

YANG, L.; CHU, J. S.; FIX, J. A. Colon-specific drug delivery: new approaches and in
vitro/in vivo evaluation. Int. J. Pharm., Amsterdam, v. 235, n. 1/2, p. 1-15, 2002.

YUAN, G.; TANG, H. L. W.; ZHANG, X.; SUN, H. Effect of chitosan coating combined
with  pomegranate peel extract on the qualty of Pacific white
shrimp during iced storage. Food Control, Kidlington, v. 59, p. 818-823, 2016.

ZAKI, S. S. O.; IBRAHIM, M. N.; KATAS, H. Patrticle size affects concentration-
dependent cytotoxicity of chitosan nanoparticles towards mouse hematopoietic stem
cells. J. Nanotechnol., New York, v. 2015, n. 1, p. 1-5, 2015.

ZALEWSKA-PIATEK, B. M.; WILKANOWICZ, S. |.; PIATEK, R. J.; KUR, J. W. Biofilm
formation as a virulence determinant of uropathogenic Escherichia coli Dr+ strains.
Pol. J. Microbiol., Warsaw, v. 58, n. 3, p. 223-229, 2009.



57

ZHANG, T. C.; BISHOP, P. L. Evaluation of substrate and pH effects in a nitrifying
biofilm. Wat. Environ. Res., Alexandria, v. 68, n. 7, p. 1107-1115, 1996.

ZOGAJ, X.; NIMTZ, M.; ROHDE, M.; BOKRANZ, W.; ROMLING, U. The multicellular
morphotypes of Salmonella typhimurium and Escherichia coli produce cellulose as
the second component of the extracellular matrix. Mol. Microbiol., Oxford, v. 39, n.
6, p. 1452-1463, 2001.



