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ATCC American Type Culture Collection

BSI Bloodstream infection

CLSI Clinical and Laboratory Standards Institute
CRBSI Catheter-related bloodstream infection

CV Crystal violet

CVC Central venous catheter

EPS Extracellular polymeric substance

HCRI Healthcare related infection

ICU Intensive Care Unit

LMWC Low molecular weight chitosans

LOS Length of stay

MDR Multidrug resistance

MIC Minimal inhibitory concentration

MLC Minimal lethal concentration

MRSA Methicillin-resistant Staphylococcus aureus
MSSA Methicillin-sensitive Staphylococcus aureus
MW Molecular weight

SEM Scanning electron microscopy

XTT 2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide
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Introduction



General considerations

Patients admitted at Intensive Care Units (ICUs) often require central venous
catheterization for multiple purposes, namely administration of medication (such as
vasopressors, chemotherapy or total parenteral nutrition), infusion of large amounts of
fluids or blood products, hemodynamic monitoring, dialysis or transvenous cardiac
pacing. However, infectious complications may follow, ranging from simple catheter
colonization (significant growth of a microorganism in a culture of the catheter tip, its
subcutaneous segment or its hub), to local catheter infection (exit-site, tunnel or pocket
infection and phlebitis) or to sepsis (generalized bloodstream infection, which is
considered severe when it is associated with organ dysfunction, hypoperfusion or
hypotension). Ultimately, mortality may result from septic thrombophlebitis,
endocarditis, metastatic infection (such as lung or brain abscess) and septic shock with
multiorgan failure.

Bloodstream infections may be related to the catheter itself (at least, one positive
culture result obtained from a peripheral vein, clinical manifestations of systemic
infection and no other detectable source for the bloodstream infection than the
intravascular catheter) or to the infusate (whenever there is growth of the same
microorganism both from the infusate and the percutaneously obtained blood samples).
Nevertheless, the vast majority of catheter-related bloodstream infections (CRBSIs) are
associated with central venous catheters (CVCs).! The laboratorial confirmation of the
diagnosis of CRBSI demands one of the following criteria: (1) a positive result of a
semiquantitative (>15 colony forming unit per catheter segment) or quantitative (>10°
cfu per catheter segment) catheter culture, while the same organism is isolated from a
peripheral blood sample; (2) simultaneously positive quantitative cultures of blood
samples with a ratio of >5:1 (central vs peripheral venous catheter) or (3) differential
time to positivity (a positive result from a CVVC culture obtained at least 2 hours earlier
than a positive result from the culture of peripheral blood).>*

The socio-economic impact of CRBSIs is considerable. In a recent European
review, data from France, Germany, Italy and the United Kingdom revealed an
additional length of stay (LOS) of 1.9 to 14 days and extra costs of €4,200 to €13,030
per CRBSI episode.* This economic burden is in line with data from the United States:
additional LOS of 2.41 to 8 days and costs that may reach $11,971 to $56,167 per

episode.””
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Epidemiology and microbiology

The risk factors for infectious complications of central venous catheterization are
related to co-existing diseases (such as malignancy, neutropenia and shock), to the
procedure (use of an aseptic technique during insertion, site of venous access, type of
catheter material and number of lumens) and to the infused therapy (composition,
adequate solution preparation and delivery, catheter care during manipulation and
indwelling time).2*

In a recent European review, the incidence rate of CRBSIs was estimated at 1.23
to 4.2 per 1000 catheter days.* A slightly higher incidence rate of 5.0 CRBSIs per 1000
catheter days was reported from the US.™ No reliable data has been available regarding
Portugal.

The microbial agents most frequently isolated from CRBSIs are coagulase-
negative staphylococci, Staphylococcus aureus, gram negative bacilli and Candida
species.? Among a multitude of coagulase-negative staphylococci, Staphylococcus
epidermidis inhabits the human skin and mucous membranes and leads not only the
ranking of etiological agents of CRBSIs, but also of contamination of blood cultures.’
S. epidermidis is able to form biofilm easily and, therefore, it is frequently associated
with colonization of indwelling foreign medical devices such as intravenous catheters.**
Moreover, healthcare related strains of coagulase-negative staphylococci became
increasingly resistant to antibiotics; vancomycin resistant strains have already been
reported.*?

S. aureus may be found colonizing the nares and skin of humans. It is usually
associated with more serious infections, ranging from skin and soft tissue infections to
pneumonia, meningitis, endocarditis and bloodstream infections.>**'* Currently, more
than 50% of isolates obtained from ICUs are methicillin-resistant Staphylococcus
aureus (MRSA).” Infections caused by MRSA increase the mortality, length of
hospitalization and costs compared with methicillin-sensitive Staphylococcus aureus
(MSSA\) infections.™ Therefore, preventive efforts are adopted in order to decrease the
incidence of MRSA infections, either by widespread decolonization with nasal
mupirocin or by contact isolation of patients.*®

Gram-negative bacilli have also been widely documented as agents of CRBSIs.
The most frequent isolates are Escherichia coli, Pseudomonas aeruginosa, Klebsiella

spp., Enterobacter spp. and Acinetobacter baumannii.’®" Infection by Gram negative
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bacilli more often afflicts patients with a compromised immune system, receiving
contaminated infusates or placed with tunnelled indwelling devices, while the
proportion of antibiotic resistant strains is increasing.'® A. baumannii is an emerging
organism responsible for severe CRBSIs and pneumonia, with high rates of multidrug
resistance (MDR).!® Besides being ubiquitous and a frequent patient colonizer, the
increase in the number of healthcare related infections (HCRIs) caused by A. baumannii
may be explained by its ability to persist for months in undisturbed surfaces of
healthcare equipment. Hence, outbreaks in hospital settings are difficult to contain
because of the environmental contamination by such an agent.?*?

The incidence of invasive fungal HCRIs has risen markedly over the last 10
years.”® The presence of a central venous catheter, prolonged LOS, broad-spectrum
antibiotic use, burns, ICU stay, administration of parenteral nutrition and neutropenia
are risk factors for invasive candidosis.'®** Concerning bloodstream infections, Candida
species are invariably associated with a high mortality rate (39.3 to 44%). C. albicans is

2527 standing out as the fourth leading cause of CRBSI.?

the most frequent isolate,
Among non-albicans species, C. parapsilosis is the most common isolate in Europe.
is often associated with the presence of intravascular catheters or breaks in infection
control, since C. parapsilosis is most often an exogenous pathogen. C. glabrata usually

ranks second and its isolation has been related to azole selection pressure.?>°

Pathogenesis of CRBSIs

Contamination of CVCs may occur from several routes: (1) migration of skin organisms
from the insertion site along the external surface of the catheter, which is the most
common infection route for short-term CVCs (duration of placement <1 week);?®% (2)
intraluminal spread from the manipulation of the catheter hub, which may be the
dominant route for long-term CVC infection (duration of placement >1 week);® rarely,
(3) haematogenous seeding of the catheter tip from a distant focus of infection® or (4)
infusate contamination, which may ultimately lead to CRBSIs.*?

Among the most relevant pathogenic determinants of CRBSIs, the intrinsic
virulence factors of microbial agents, human host factors and the material of the catheter
by itself must be taken into consideration:

(1) Microorganisms such as coagulase negative staphylococci,®® S. aureus® and
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Candida spp® produce extracellular polymeric substance (EPS), which is an
exopolysaccharide that contributes to the formation of a biofilm layer.***” Metallic
cations from the blood circulation may add to this biofilm and form a dense matrix in
which microbial agents may stay embedded.*®

(2) Some host adhesion proteins, such as fibrin and fibronectin, form a sheath
around the catheter that promote adherence of microorganisms. This is the case with S.
aureus, which expresses the clumping factors CIfA and CIfB that bind to host
adhesins. >

(3) Catheter materials that are more thrombogenic or hydrophobic display higher
vulnerability to microbial adhesion.**** Moreover, the extent of colonization appears to
increase with surface roughness because shear forces are locally diminished and the
adhesion area is higher.>” Polyurethane and polytetrafluoroethylene (Teflon®) catheters
have been associated with less infectious complications than catheters made of
polyvinyl chloride or polyethylene.**> At present, polyurethane catheters are the most

frequently used worldwide in medical care.

The role of microbial biofilms

Microbial biofilms are sessile communities of organisms that are embedded in a matrix
of extracellular polymers and exhibit an altered phenotype concerning growth rate and
gene transcription.*® The basic structural unit of the biofilm is the microcolony, which is
encased in the matrix and separated from other colonies by water channels where

oxygen and nutrients may diffuse.*’

In general, biofilm organisms are more resistant than their planktonic
counterparts: (1) penetration of antimicrobial agents through the matrix is delayed
because it works as a diffusional barrier; (2) growth of biofilm organisms is slower
since nutrient limitation and accumulation of toxic metabolites within the biofilm may
delay bacterial growth, hindering the uptake of antimicrobial agents.*® Moreover,
biofilms that develop on indwelling medical devices such as CVVCs are correlated with
CRBSI by the following suggested mechanisms: (1) detachment of microbial cells by
shear stress or changes in substrate concentration in the matrix; (2) production of

endotoxin by gram-negative bacteria; (3) resistance to the host immune system response
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by inhibition of macrophage phagocytosis or antibody activity and (4) promotion of
33,36,37,46,47

antibiotic resistance by plasmid exchange within the niche of microcolonies.

Several comprehensive strategies have been proposed to control biofilms in
CRBSIs, either by (1) preventing medical device contamination during insertion steps;
(2) inhibiting microbial cell attachment to the surface of devices; (3) destructing the
formed biofilm by Killing the microorganisms embedded in the matrix or by (4)

removing the infected device.*

Current strategies for prevention of CRBSIs
Essentials of CVC management

Several strategies are strongly recommended and supported by current literature aiming
an effective reduction of CRBSIs:

1. Education of healthcare personnel regarding CVC insertion and maintenance,
with adherence to a catheter care protocol involving strict aseptic technique.
Trained staff should be periodically assessed for knowledge and commitment to

guidelines.*®*°

2. Benefits of each placement site must be weighed against the risk of mechanical
and infectious complications: femoral vein catheters have the higher
colonization rate and the higher risk for deep venous thrombosis; the use of the
subclavian site is associated with the lowest risk of infection, although
mechanical complications (such as pneumothorax, subclavian artery puncture,

subclavian vein laceration or stenosis) should be considered.>*>®

3. The use of polyurethane and polytetrafluoroethylene (Teflon®) CVCs is
associated with less infectious complications, as is the use of the minimum

number of ports and lumens. 48962

4. Superfluous catheters must be promptly removed; replacement of CVCs within

48h should occur whenever asepsis cannot be ensured.%®’

5. Cleaning the skin with >0.5% chlorhexidine preparation with alcohol and using
maximal sterile barrier precautions (cap, mask and sterile gown, gloves and full

body drape) for the insertion of central catheters, with sterile gauze or

12
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transparent dressing to cover the catheter site. Hand hygiene procedures (with
soap or alcohol-based hand rubs) should be undertaken before and after

manipulation,®®®74

6. At present, there are no recommendations to routine use of systemic
antimicrobial prophylaxis, periodical replacement of CVCs or guidewire

exchanges in order to prevent CRBSIs.”"

7. Replacement of administration sets should occur within 96-hour to 7-day
intervals.””® For blood products or lipid emulsions, tubing should be replaced

within a maximum of 24 hours.’®%°

Other approaches aiming to reduce CRBSIs are available, but are only supported by
suggestive clinical or epidemiologic studies or by a theoretical rationale:

1. The use of a prophylactic antimicrobial lock solution may be advisable in
patients with long term CVCs and a clinical record of multiple CRBSIs, despite

total adherence to the aseptic technique.®®

2. Anticoagulant therapy should not be routinely used to decrease the risk of

CRBSiIs, even though it may reduce the risk of catheter-related thrombosis.®®

The role of impregnated CVCs

Among strategies to prevent microbial cell attachment in a more effective way, CVCs
impregnated with antiseptics and antibiotics have been proposed. However, the
reduction of the infection rate was achieved with variable success and toxicity:

1. Catheters impregnated with chlorhexidine-silver sulfadiazine can be effective in
reducing colonization and infection,® but hypersensitivity reactions have been
documented.® Although these are more expensive than standard catheters, the
use of chlorhexidine-silver sulfadiazine catheters may lead to cost savings
whenever the risk for CRBSIs is high and no success has been achieved with
other preventive strategies, such as maximal barrier precautions and aseptic

techniques.

2. Catheters impregnated with minocycline and rifampin decreased significantly

the incidence of CRBSIs,?® even though some concern may still exist regarding
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the development of antimicrobial resistance.®” Its use may be cost effective if

other preventive measures fail to control the incidence of CRBSIs.

3. Silver-impregnated catheters are not associated with a lower rate of colonization
or infection when compared to standard CVCs.®®

Novel strategies for prevention of CRBSIs

A large number of approaches targeting the different stages of biofilm formation are
currently in study:
e silver nanoparticles display good antimicrobial activity and may allow a
constant supply of Ag* ions at the coated surface;*

e phages displaying bactericidal activity can be used in the local control of

biofilms;®

e peptides, such as B-defensins, are a potential new class of antimicrobial agents
with a broad activity spectrum and a relative selectivity towards microbial

membranes;®!

e enzymes targeting EPS, namely dispersin B and N-acetyl-L-cysteine, are able to
reduce bacterial adhesion and, furthermore, to disrupt and detach mature

biofilms; 2%

e drug delivery carrier systems, such as liposomes, polymeric microspheres,
micelles and hydrogel-type materials may target matrix or biofilm bacteria by

specific attachment and release of drugs in close vicinity of microorganisms;*

e nitric oxide is an hydrophobic free-radical gas that may be impregnated in

medical devices, showing antibacterial properties;**

e electrical current may be used against biofilms either by prolonged exposure to
low intensity direct electrical current (electricidal effect) or by enhancement of

the activity of antimicrobials (bioelectric effect);*"
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e ultrasound has been demonstrated to enhance the activity of antimicrobial agents

by inducing cavitation within the biofilm (bioacustic effect);*

e light-activated antimicrobial agents generate reactive oxygen species when
excited with the appropriate wavelength light, which are toxic to

microorganisms growing on the surface of medical devices.'***%*

However, concerns about biosafety, microbial resistance and cost-effectiveness of such

approaches still remain to be clarified.'%%%

Concerning other alternatives, biocompatible and inexpensive compounds
already available may help to prevent microbial colonization. Cerium (*®Ce) is the most
abundant of the rare earth elements and belongs to the lanthanide group. It is extracted
from minerals such as monazite and bastnaesite. Cerium has no known physiological
role and does not penetrate mammalian cell membranes; however, it may form salts of
medical interest. Cerium nitrate (Figure 1), by itself or in combination with silver
sulphadiazine, has been extensively used in the management of burns, with a reduction
in patient morbidity and mortality.’® In spite of the assumed reversion of the post-burn
cell-mediated immunosuppression, its antimicrobial properties and mechanism of action
still remain controversial and yet unexplained.'®*% Nevertheless, the uptake of cerium
into the cytoplasm of microbial cells was described to inhibit cellular respiration,

glucose metabolism or to disrupt the cell membrane.'”’

Figure 1. Structure of cerium(l11) nitrate hexahydrate.
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Chitosans are hydrophilic polyaminosaccharides obtained by N-deacetylation of
the crustacean chitin. Considerable attention has been dedicated by the pharmaceutical,
food and cosmetic industries to these nontoxic and biocompatible polymers. In the
medical field, chitosans are being investigated regarding its immunomodulating,
antitumoral and antioxidant properties.’®®*® In addition, chitosans exhibit a broad
spectrum antimicrobial activity that is dependent on molecular weight, degree of
deacetylation and type of substitution. High molecular weight chitosans cannot cross
through cell membranes, forming a film because of its viscosity. In contrast, low
molecular weight chitosans (LMWCs) can enter into the cell, being more amenable for a
wide variety of biomedical applications due to its higher solubility in water (Figure 2).
Hence, the mechanism of action of chitosans may be explained by: (1) external barrier
formation and metal chelation with inhibition of microbial growth; (2) interaction
between cationic chitosan derivatives and anionic microbial surface, resulting in cell
wall leakage; (3) binding with teichoic acid and extraction of membrane lipids and (4)

interference with mRNA and protein synthesis after nucleic penetration."***

HO” NHa

Figure 2. Structure of low molecular weight chitosan.

Hamamelitannin is a natural compound found mainly in the bark and leaves of
Hamamelis virginiana (witch hazel), indigenous to the woods of the Atlantic coast of
North America and scarcely cultivated in Europe. It belongs to the family of tannins,
which are plant polyphenols. Hamamelitannin is the ester of D-hamamelose (2-
hydroxymethyl-D-ribose) with two molecules of gallic acid, each containing three
phenolic functional groups (Figure 3). Although scientific data supporting consistent
efficacy are still limited, patients currently use hamamelis preparations in eye cleansing
and in the treatment of eczema, varicose vein symptoms and minor inflammation of the

skin and oral cavity.!*” Hamamelis distillate may promote wound healing via anti-
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inflammatory effects.™* Furthermore, hamamelitannin inhibits tumor necrosis factor a-
mediated endothelial cell death,** protects against cell damage induced by peroxides™™
or UVB radiation,**® while it suppresses staphylococcal infections in vivo (including
methicillin-resistant S. aureus and S. epidermidis) by inhibiting the quorum sensing

system of such bacteria.**’

HO
OH
HO
5 O wOH OH
© Aq/o OH
HO HO

O OH

Figure 3. Structure of hamamelitannin.
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Study aims



This investigation has three main goals:

1-

To determine the aetiology of CVC colonization among intensive care patients
at a national University Hospital. Attending to the ecological niches occupied
by the distinct microbial agents and to the patterns of antibiotic susceptibility
found, the selection of preventive attitudes aiming to reduce CVC colonization
in this hospital is also to be expected.

To study in vitro biofilm formation by different organisms (S. epidermidis, S.
aureus, A. baumannii and C. albicans), commonly associated to CVC
colonization and CRBSI, at the surface of cerium, chitosan and hamamelitannin
treated polyurethane catheters.

To evaluate the in vivo efficacy of cerium, chitosan and hamamelitannin in the
prevention of biofilm formation by S. epidermidis, S. aureus, A. baumannii and
C. albicans on treated polyurethane catheter segments, using a mouse foreign
body infection model. The validation of this model to study CRBSI is also to be

expected.

Such goals were addressed according to the three tasks that follow.
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Task 1

Aetiology of CVC colonization
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Materials and methods

Study population

A retrospective study of the clinical and laboratorial data base of Hospital de S. Jodo,
Porto, was performed. A 12-month period (from 1% January to 31 December, 2007)
was considered. The results were collected from all the ICUs in this Hospital,
corresponding to 2 General ICUs, 1 Neurocritical ICU, 1 Infectious Diseases ICU and 1
Burn Unit, totalizing 45 beds. All positive results from the culture of the tips of CVCs

were taken into account.

Definitions
Positive results from culture of CVC tips were assumed as CVC colonization since no
data from associated blood infection neither the number of days of catheterization could

be consistently recovered from the data source.

Microbial characterization

Microorganisms were isolated after removal of the CVCs from patients and culture of
its distal tips, using the semiquantitative roll plate method described by Maki et al.*®
Whenever more than 15 colonies were visualised, the isolates were characterized and
identified using the appropriate Vitek identification cards (bioMérieux, Paris, France),
with the exception of fungal colonies (every colony was identified). Staphylococci were
identified and tested for antimicrobial susceptibility with Vitek GP and GP-549 cards,
respectively; Enterobacteriaceae and A. baumannii, with Vitek GN and GN-037 cards;
P. aeruginosa, with Vitek GN and GN-022 cards. Candida isolates were characterized
with Vitek 2 identification cards or APl 20C galleries. Susceptibility testing to
fluconazole, voriconazole, posaconazole, amphotericin B and caspofungin was assessed

accordingly to the CLSI protocol M27-A3.
Results

Globally, from 1482 CVC distal tips recovered from ICU patients, 647 were found to be

positive during the study period. The microorganisms found are listed in Table 1.
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Table 1. Microbial isolates from CVC tips.

Gram-positive cocci n %
Staphylococcus epidermidis 260 40.2
Staphylococcus aureus 83 12.8
Staphylococcus haemolyticus 41 6.3
Enterococcus faecalis 24 3.7
Staphylococcus hominis 22 34
Other coagulase-negative staphylococci 19 29
Staphylococcus capitis 7 11
Enterococcus faecium 7 11
Staphylococcus warneri 4 0.62
Kocuria kristinae 4 0.62
Streptococcus sanguis 1 0.15
Streptococcus pneumoniae 1 0.15
Streptococcus agalactiae 1 0.15
Staphylococcus simulans 1 0.15
Total 475 73.4
Gram-negative bacilli n %
Pseudomonas aeruginosa 40 6.2
Acinetobacter baumannii 18 2.8
Proteus mirabilis 12 1.9
Escherichia coli 11 1.7
Klebsiella pneumoniae 10 15
Enterobacter cloacae 8 1.2
Morganella morganii 6 0.93
Stenotrophomonas maltophilia 4 0.62
Enterobacter aerogenes 3 0.46
Serratia marcescens 3 0.46
Burkholderia cepacia 2 0.31
Other Klebsiella species 1 0.15
Klebsiella oxytoca 1 0.15
Citrobacter braakii 1 0.15
Total 120 18.5
Grame-positive bacilli n %
Corynebacterium species 6 0.93
Corynebacterium jeikeium 1 0.15
Total 7 1.1
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Yeasts n %

Candida albicans 32 4.9
Candida glabrata 6 0.93
Candida tropicalis 4 0.62
Candida parapsilosis 3 0.46
Total 45 7.0

The antibacterial susceptibility pattern of gram-positive cocci and gram-negative bacilli
is detailed in Tables 2 and 3, respectively, for the most commonly tested and prescribed
drugs in Hospital de S. Jodo. The antifungal susceptibility pattern of Candida isolates is
detailed in Table 4.

Table 2. Antimicrobial susceptibility of gram-positive cocci. S, susceptible; R, resistant; I, intermediate.

Coagulase-negative staphylococci Staphylococcus aureus
S R | S R |
Antibacterial agents n % n % n % n % n % N %
Linezolid 288 100 55 100
Oxacillin 42 147 243 85.3 11 20 44 80
Teicoplanin 271 94.4 16 56 54 98.2 118
Vancomycin 287 99.7 1 0.3 55 100
Enterococcus faecalis Enterococcus faecium
S R | S R |
n % n % n % n % n % N %
Ampicillin 12 100 7 100
Linezolid 12 923 1 7.7 7 100
Penicillin 12 923 1 7.7 7 100
Quinupristin/Dalfopristin 5 100 2 100
Teicoplanin 12 92.3 1 7.7 2 28.6 5 71.4
Vancomycin 12 92.3 1 7.7 1 14.3 6 85.7
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Table 3. Antimicrobial susceptibility of gram-negative bacilli.

Enterobacteriaceae

Pseudomonas aeruginosa

Acinetobacter baumannii

S R | S R 1 S R 1
Antibacterial agents n % n % % N % n % n % n % N % n %
Amikacin 29 806 19.4 16 69.6 7 304 17 944 1 56
Cefepime 2 100 11 50 7 318 4 182
Cefotaxime 34 971 1 29 1 100 18 100
Ceftazidime 3 100 10 435 12 522 1 43 1 56 17 944
Cefoxitine 3 100
Cefuroxime 27 794 7206 1 100 18 100
Ciprofloxacin 4 100 12 522 5 217 6 261 1 56 17 944
Colistin 1 100 21 955 1 45 13 100
Gentamicin 33 943 2 57 11 478 9 391 3 13 16 889 2 111
Imipenem 33 917 3 83 7 304 15 652 143 1 56 17 9.4
Levofloxacin 4 100 1 100 191 9 818 1 91
Meropenem 36 100 9 391 8 348 6 261 1 56 17 944
Piperacillin 2 667 333 18 783 4 174 1 43 1 56 17 944
Piperacillin/Tazob. 29 806 2 56 13.9 9 692 3 231 1077 17 100
Tobramycin 1 100 13 59.1 9 409
Table 4. Antifungal susceptibility of Candida isolates.
C. albicans C. glabrata C. parapsilosis
S R S R S R
Antifungal agents n % n % % % n % % n % n % n %
Fluconazole 27 100 100 2 66.7 1 333
Voriconazole 27 100 100 3 100
Posaconazole 27 100 100 3 100
Amphotericin B 27 100 100 3 100
Caspofungin 27 100 100 3 100
Discussion

Taken globally, the epidemiological data concerning the aetiology of CVC colonization

in the ICUs under evaluation was similar to previous publications. Although catheter

colonization does not invariably lead to CRBSI, it usually represents its initial step.

As expected, coagulase-negative staphylococci (n=354; 54.7%), mainly S.

epidermidis (40.2%), were the most frequent species isolated from CVC tips. S. aureus

(12.8%) was the second most common organism. These microbial agents are thought to

gain access to distal tips of CVCs by contiguous spread from the patient skin and
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mucous membranes along the external surface of catheters or, intraluminally, from
contamination of catheter hubs. High susceptibility levels to linezolid, teicoplanin and
vancomycin were found for these cocci. However, methicillin resistance among S.
aureus (80%) and coagulase-negative staphylococci (85.3%) was higher than expected
from similar ICU data (55.3% and 75%, respectively) which, by itself, is associated
with an increased length of hospitalization, cost and mortality.***

Enterococcus faecalis (3.7%) and Enterococcus faecium (1.1%) were the next
most common gram-positive cocci, following staphylococci. These enteric bacteria are
found mainly in the intestinal tract of patients. Besides skin contamination with bowel
microorganisms during daily hygiene care, such organisms most probably reach CVC
hubs through the hands of hospital personnel. Although a small number of enterococci
have been tested in this study, E. faecalis displayed high susceptibility to penicillin,
ampicilin, linezolid, teicoplanin and vancomycin; as expected, quinupristin/dalfopristin
lacks activity against this species; conversely, both isolates of E. faecium tested were
susceptible. The single other antibacterial with activity against E. faecium was linezolid;
high resistance levels were found to vancomycin and teicoplanin. As there is a global
concern about conjugated transfer of the vanA gene from enterococci to S. aureus,*?
routine surveillance for resistance patterns of such organisms is of paramount
importance.

Among gram-negative bacilli, Enterobacteriaceae (n=56; 8.6%), P. aeruginosa
(6.2%) and A. baumannii (2.8%) predominated. Enterobacteriaceae, as part of normal
intestinal flora, may contaminate indwelling devices during hygiene care, similarly to
what was described for enterococci. Except for cefuroxime, a second-generation
cephalosporin, Enterobacteriaceae demonstrated high susceptibility to the other tested
cephalosporins, which seems to exclude this hospital from the international trend
towards third and fourth-generation cephalosporin resistance.*** Carbapenems also
showed good activity against Enterobacteriaceae.

P. aeruginosa is frequently a HCRI organism that thrives in moist environments.
It may assume a pathogenic pattern of behaviour whenever the mucous membranes or
the skin are disrupted, as is the case with central venous catheterization. Since P.
aeruginosa often displays MDR, it may become dominant when more susceptible
bacteria belonging to the indigenous microbial population are suppressed, as usually
happens in the ICU setting. Among Pseudomonas isolates, resistance levels found to

meropenem (34.8%) and imipenem (65.2%) were unexpectedly high, as was also the
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case for ceftazidime (52.2%) and tobramycin (40.9%).'%* Drug resistance to piperacillin
(17.4%), ciprofloxacin (21.7%), gentamicin (39.1%) and amikacin (30.4%) was in
accordance with international data. Colistin showed excellent activity against P.
aeruginosa.

A. baumannii may colonize extensively the hospital environment. Occasionally,
it can be found on human skin, mucous membranes and secretions as a saprophyte.
Whenever it causes HCRIs, A. baumannii is often associated with medical indwelling
devices such as endotracheal tubes or CVCs and is highly resistant to antimicrobial
agents.*2 Invariably, the most disturbing fact in the isolated strains was an extremely
high resistance level to carbapenems (94.4%). Susceptibility was found only to
gentamicin (88.9%), amikacin (94.4%) and colistin (100%). Moreover, A. baumannii
has been responsible for the closure of some of the aforementioned ICUs, for several
days, in order to hygienize and eradicate the organism from the environment, as it is
highly transmissible during an outbreak. Besides the additional costs, the inconvenience
and medical risk of patient transfer to other hospital ICUs during these periods must be
taken into account.

The yeast most frequently recovered from CVCs was C. albicans (4.9%), at the
fourth position of the ranking of agents, in conformity with literature. Candida spp are
the most common opportunistic fungal pathogens. They usually colonize the human
skin, mucous membranes and gastrointestinal tract and may cause fungemia following
intestinal wall translocation or contamination of vascular catheters. Against expectations
from European data, C. glabrata (0.93%) was second to C. albicans.”> No remarkable
levels of resistance were found among Candida spp; in fact, all strains were susceptible
to fluconazole, voriconazole, posaconazole, amphotericin B and caspofungin. This
might be explained by the limited exposure to antifungal agents in this hospital.
Continued surveillance on species distribution and antifungal susceptibility profile is
needed, since a low number of Candida isolates was tested.

A problem often arising in the interpretation of positive catheter segment
cultures is the false positivity that may result from adhesion of skin organisms to CVC
during its removal. Such finding may be responsible particularly for cases attributed to
coagulase-negative staphylococci. Conversely, the roll plate method may be inadequate
for the recovery of organisms from the intraluminal portion of catheter segments,

underestimating its colonization and, therefore, leading to false negative results.
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All the described organisms share the capacity to form biofilm on indwelling
devices. Sessile cells in such a matrix exhibit a promoted ability to colonize catheters
and overcome the host immune system response as well as the effects of antimicrobial
drugs in circulation, comparing to their planktonic counterparts, from which they are
phenotypically distinct.

Regarding that the microbial agents most frequently isolated are usual
patient colonizers or hospital environmental contaminants, it seems to be a clear benefit
to promote the aforementioned essential elements of CVC use in this hospital, in order
to reduce CRBSIs. Furthermore, the design of therapeutic protocols based on the local
patterns of antimicrobial susceptibility might help to pursue a more strict selection of
antimicrobials. As a policy to control the undesired high levels of resistance found,
rotational antimicrobial use could be highly advisable.*2*?

While new approaches to estimate the true incidence of CVC related infections
are needed, devoted attention to measures aiming the reduction or the complete

blockade of its colonization is mandatory, particularly in the ICU setting.
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Task 2

In vitro biofilm formation on treated catheters
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Materials and methods

Chemicals

Cerium nitrate [cerium(lll) nitrate hexahydrate, Sigma-Aldrich], chitosan [low-
molecular-weight chitosan 107 kDa, 75-85% deacylated; Sigma-Aldrich; stock solution
of 4% (w/v) prepared in 1% acetic acid, pH 4.0] and hamamelitannin
[hamamelofuranose 2’,5-digallate, 2-C-(Hydroxymethyl)-D-ribofuranose 2',5-digallate;
Sigma-Aldrich] were used in the experiments.

Microbial strains
A type strain from the American Type Culture Collections (ATCC) and a clinical isolate
of each of four microbial species were used: the type strains were S. aureus ATCC
29213, S. epidermidis ATCC 155, A. baumannii ATCC 19606 and C. albicans ATCC
90028; the clinical strains of S. aureus (SAl), S. epidermidis (SE1), A. baumannii
(AB1) and C. albicans (CA1l) had been previously isolated from cultures of CVCs
removed from critical care patients admitted at Hospital S. Jodo, Porto, Portugal. All
clinical isolates had been identified by Vitek system (bioMérieux, Vercieux, France).
Bacterial strains were kept frozen in Luria-Bertani broth (LB; Difco
Laboratories, Detroit, M1, USA) supplemented with 20% glycerol and the yeast strains
in yeast potato dextrose medium (YPD; Difco Laboratories) supplemented with 40%
glycerol at -70°C until testing. For each experiment, the microorganisms were
subcultured twice on LB agar, 37°C, 24 h for bacteria or Sabouraud agar, 35°C, 24 h

(Difco Laboratories) for yeasts to assess the purity of the culture and its viability.

Antimicrobial activity
The minimal inhibitory concentration (MIC) of cerium nitrate, LMWC and
hamamelitannin was evaluated accordingly to the Clinical and Laboratory Standards
Institute (CLSI) microdilution reference protocol MO07-A8 for bacterial strains and
protocol M27-A3 for yeast strains. The tested concentrations ranged from 5.4x10° to
3.3x10? mg/L for cerium nitrate, 1.0x10* to 1.6x10* mg/L for LMWC and 100 to 10
mg/L for hamamelitannin. MIC end point was defined as the lowest drug concentration
that completely inhibited the growth of microorganisms in microdilution wells.

To determine the minimal lethal concentration (MLC), 20 pL from each

microdilution well were plated in LB agar (for bacteria) or Sabouraud agar (for yeasts).
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The plates were incubated at 37°C for 24 h (bacterial strains) or 35°C for 48 h (yeast
strains) with subsequent enumeration of colony forming units. MLC was defined as the
lowest drug concentration that killed at least 99.9% of the final inoculum.

Furthermore, to study the effect of cerium nitrate against C. albicans, flow
cytometric analysis was performed with two fluorescent markers: FUN-1 (to evaluate
cell metabolic activity) and propidium iodide (PI; a marker of cell death that only

penetrates cells with severe membrane lesions).*®

After cerium nitrate treatment, yeasts
were collected, washed twice in distilled water and resuspended in FUN-1 0.5 uM or PI
1 uM. The yeast suspensions were incubated for 30 min at 37°C in the dark; following
incubation, the suspensions were centrifuged and the supernatant transferred to flow
cytometry propylene tubes. As controls for FUN-1 staining, untreated cell suspensions
and cells treated with 1 mM sodium azide (Sigma) for 1 h and stained under the same
conditions were used. Controls for PI staining included suspensions of untreated and
killed cells (90°C for 30 min), stained with Pl under the same conditions. For each
experimental condition, 20,000 events were analysed in a standard flow cytometer
(FACSCalibur BD Biosciences, Sydney) with three PMTs equipped with standard
filters (FL1: BP 530/30 nm; FL2: BP 585/42 nm; FL3: LP 670 nm), a 15 mW 488
Argon Laser and operating with Quest Pro software (version 4.0.2, BD Biosciences,
Sydney). Results were expressed as a staining index (SI) for FUN-1, defined as the ratio
between the mean fluorescence of treated cell suspensions and the corresponding value
for the non-treated cells at FL2 (values > 1 represent treatment effect) and, for PI, as the

percentage of positive cells showing high fluorescence at FL3.'%

Biofilm formation on polyurethane catheters

The microbial strains were grown overnight in LB broth at 37°C and 180 rpm, for
bacteria, or Sabouraud broth at 35°C and 180 rpm, for yeasts. Cells were harvested by
centrifugation (10000 g, 5 min), washed with phosphate buffered saline (PBS), counted
in a Newbauer chamber and standardized to 1x10’ cells/mL in LB broth for bacteria and
1x10° cells/mL in RPMI (Sigma-Aldrich) for yeasts. The anti-biofilm effect of the 3
different test compounds was evaluated in the presence of four concentrations of cerium
nitrate (1.7x10°, 1.3x10°%, 6.5x10? and 3.3x10? mg/L) and three of hamamelitannin (100,
80 and 50 mg/L); regarding LMWC, concentrations tested corresponded to 625, 160
and 78 mg/L for bacteria and 1.0x10* 5.0x10° and 625 mg/L for yeasts. One single

fragment of polyurethane intravenous catheters (BD Vialon™ 16G 1.7x45 mm), with 1
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cm length, was placed in each well of 12-well microplates, containing 1 mL of the
standardized microbial suspensions.

After incubation (24 h for bacteria; 24 and 48 h for yeasts), at 37°C, catheter
fragments were removed, gently washed with PBS and placed in new microplates for
biofilm quantification with 2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-
carboxanilide (XTT), as previously described ?°. Briefly, 1 mL of the XTT solution
was added to each well containing the CVC fragment with the prewashed biofilm and to
control wells containing a sterile CVC fragment (for the measurement of background
XTT reduction levels). The microplates were incubated for 5 h at 37°C, in the dark.
Finally, the optical density was measured at 492 nm. All the assays were performed in
triplicate.

Data analysis

Biofilm metabolic activity in the presence of cerium nitrate, LMWC and
hamamelitannin was expressed as the percentage in relation to the positive control.
Values were divided by 1000 and arcsine square root transformed to achieve a normal
distribution and homoscedasticity. For each compound, each concentration and each
microorganism, biofilm formation was compared by one-way ANOVA, followed by a
Dunnett's test to identify significant effects; p value <0.05 was considered significant.

Results

Antimicrobial activity

Cerium nitrate MIC ranged between 3.3x10° to 1.3x10° mg/L for bacterial strains. For
yeasts, concentrations up to 2.6x10° mg/L were needed. Globally, MLC corresponded to
the double or more the MIC values for all microbial species (Table 5).

For LMWC, MICs ranged between 1.6x10% and 3.1x10% mg/L for all bacteria. A
higher concentration (1.0x10* mg/L) was needed to inhibit C. albicans growth. MLC
values nearly doubled the MIC values for all bacterial species. MLC and MIC were
similar for C. albicans (Table 5).

Hamamelitannin produced no inhibition of microbial growth, at concentrations

ranging between 10 to 100 mg/L.
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Table 5. Minimal inhibitory concentration (MIC) and minimal lethal concentration (MLC) of cerium

nitrate and low molecular weight chitosans (LMWC).

MIC MLC
Cerium nitrate LMWC Cerium nitrate LMWC
(mg/L) (mg/L) (mg/L) (mg/L)

Bacterial strains
S. aureus (SA1) 3.3x107 1.6x10° 5.4x10° 3.1x107
S. aureus ATCC 3.3x107 1.6x10° 2.6x10° 1.25x10°
S. epidermidis (SE1) 1.3x10° 1.6x10° 2.6x10° 3.1x10°
S. epidermidis ATCC 6.5x10° 1.6x10° 2.6x10° 6.3x10°
A. baumannii (AB1) 1.3x10° 1.6x10° 5.4x10° 2.5x10°
A. baumannii ATCC 1.3x10° 3.1x10? 5.4x10° 1.25x10°
Yeast strains
C. albicans (CA1) 2.6x10° 1.0x10* 5.4x10° 1.0x10*
C. albicans ATCC 2.6x10° 1.0x10* 5.4x10° 1.0x10*

Concerning flow cytometric studies, FUN-1 staining demonstrated that
cerium nitrate impairs C. albicans metabolism and ultimately can lead to cell membrane
damage: the MLC concentration caused a critical decrease in the cellular metabolism,
starting approximately after 1.5 h of exposure and increasing along the time; Pl was
able to stain approximately 50% of the cells treated with the MLC after 6 h of
incubation and, after 24 h of treatment, almost 85% of cells exhibited membrane injury.

MIC concentration was unable to induce membrane damage.

Biofilm formation on polyurethane catheters
Cerium nitrate, at a concentration of 1.7x10° mg/L, reduced the mean biofilm metabolic
activity of C. albicans by 58.9% (£7.4) at 24 h and by 59.14% (£13.0) at 48 h. No
relevant biofilm inhibition was found for bacterial strains with cerium nitrate at
concentrations lower than MLC (Figure 4. A, B and C).

LMWC, at a concentration of 78 mg/L, reduced the biofilm metabolic activity of
S. epidermidis by 80.46% (+0.0) (Figure 4. D). At a concentration of 5.0x10° mg/L,
LMWC reduced C. albicans biofilm metabolic activity by 87.5% (+0.0) at 24 h and by
90.06% (£0.0) at 48 h (Figure 4. F). However, inconsistent results were found with S.

aureus and A. baumannii (Figure 4. D and E).
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Hamamelitannin, at a concentration of 100 mg/L, decreased significantly the
mean biofilm metabolic activity of S. aureus by 23.0% (£10.7%); of S. epidermidis by
42.2% (x3.78%) and of A. baumannii by 31.8% (+0.88) (Figure 4. G and H).

Inconclusive results were found with C. albicans strains, at 24 and 48 h (Figure 4. 1).
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Figure 4. Effect of cerium nitrate (A, B and C), low molecular weight chitosan (D, E and F) and
hamamelitannin (G, H and I) on biofilm formation (as percentage of the control) by Gram positive cocci,

Gram negative bacteria and yeasts (at 24 and 48 h). Differences between control and antimicrobial groups

were statistically significant (P < 0.01).
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Discussion
Indwelling medical devices are used for a wide array of purposes. Unfortunately, they
are quite prone to colonization by biofilm producing microorganisms. New strategies
aiming the blockade of such biofilms have been developed and although some are in use
with variable success, there is still a wide field for further investigation.

A review conducted by Garner et al.,, 2005, gathered information on the

bacteriostatic effect of cerium nitrate against a panel of bacteria.'%®

Our study not only
adds to this effect but also documents unequivocally the microbicidal effect of cerium
nitrate against bacteria and yeasts. This might be quite useful in medical applications
because toxicity is rare with lanthanides since they do not penetrate the membranes of
living mammalian cells.

Concerning microbial growth inhibition by cerium nitrate, our results indicate
that MICs for S. aureus are similar to previous descriptions,'® while we determined for
the first time MICs for S. epidermidis, A. baumannii and C. albicans. Furthermore, the
so far unclear cerium nitrate microbicidal effect was documented and MLCs were
established for major colonizers of indwelling medical devices.

At lower concentrations, cerium nitrate was only effective against C. albicans
biofilm, with no difference in its activity after 24 or 48 h of incubation.

No further experiments were then pursued in order to clarify the mechanism by
which cerium nitrate inhibited in a different way biofilm formation by bacteria and
yeasts.

The spectrum wideness of antimicrobial activity of chitosans depends on several
factors, namely the molecular weight (MW).'%% However, inconclusive data
regarding the actual efficacy of high MW, low MW and oligochitosans is available.
Nevertheless, LMWCs seem to exhibit a strong antibacterial activity (which was
described to be higher against Gram positive bacteria as their molecular weight
increases and against Gram negative bacteria as their molecular weight decreases) and,
also, antifungal activity.*3%*3

As far as antimicrobial activity is concerned, MICs and MLCs were determined
for all tested microbial species. Although there is a tendency in literature to characterize
chitosans as bacteriostatic and fungistatic, as stated by Goy et al., 2009, our results

suggest unequivocally that LMWC 107 kDa exhibits a microbicidal effect (Table 5).

34


file:///C:/Documents%20and%20Settings/luis/Ambiente%20de%20trabalho/tese%20r16.doc%23_ENREF_105
file:///C:/Documents%20and%20Settings/luis/Ambiente%20de%20trabalho/tese%20r16.doc%23_ENREF_105
file:///C:/Documents%20and%20Settings/luis/Ambiente%20de%20trabalho/tese%20r16.doc%23_ENREF_108
file:///C:/Documents%20and%20Settings/luis/Ambiente%20de%20trabalho/tese%20r16.doc%23_ENREF_109
file:///C:/Documents%20and%20Settings/luis/Ambiente%20de%20trabalho/tese%20r16.doc%23_ENREF_111
file:///C:/Documents%20and%20Settings/luis/Ambiente%20de%20trabalho/tese%20r16.doc%23_ENREF_130
file:///C:/Documents%20and%20Settings/luis/Ambiente%20de%20trabalho/tese%20r16.doc%23_ENREF_131

At subinhibitory concentrations, a significant reduction of the biofilm metabolic
activity was only found for S. epidermidis and C. albicans. This might somewhat
decrease the medical interest of LMWC use in the prevention of indwelling device
colonization, although these two species are very relevant and frequent CVC colonizers.
A lower degree of acetylation might improve LMWC antimicrobial effectiveness, but
no further studies on this topic were conducted.

Hamamelitannin produced no inhibition of microbial growth: no MICs or MLCs
could be established at concentrations ranging between 10 to 100 mg/L, as expected.

Regarding the experiments on polyurethane catheter segments, inhibition of the
biofilm metabolic activity was found at a concentration of 100 mg/L for all tested
bacteria. The inhibition of the quorum sensing system of Gram positive bacteria, such as
S. aureus and S. epidermidis, had already been documented by Kiran et al., 2008.
Interestingly, the biofilm inhibitory effect upon Gram negative bacteria such as A.
baumannii was originally described by the present study. A. baumannii is a conspicuous
pathogen usually related to MDR and invasive infections among critical care patients. It
has been advocated that hamamelitannin might exhibit a better effect in vivo than in

vitro. 1Y’

At present, medical device colonization is a global threat that may contribute to
antimicrobial resistance. The microbicidal effect of cerium nitrate and LMWC upon
usual CVC colonizers was clearly demonstrated. Moreover, at lower concentrations,
both were found to be fungistatic. Hamamelitannin inhibited the biofilm metabolic
activity of all tested bacteria: for A. baumannii, this effect was an original description.
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Task 3

In vivo efficacy of treated catheters
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Materials and methods

Chemicals

Cerium nitrate [cerium(I1l) nitrate hexahydrate, Sigma-Aldrich, Schnelldorf, Germany],
chitosan [low-molecular-weight chitosan 107 kDa, 75-85% deacylated, Sigma-Aldrich,
St. Quentin Fallavier, France; stock solution of 4% (w/v) prepared in 1% acetic acid, pH
4.0] and hamamelitannin [hamamelofuranose 2’,5-digallate, 2-C-(Hydroxymethyl)-D-
ribofuranose 2',5-digallate, Sigma-Aldrich, St. Quentin Fallavier, France] were used in

the experiments.

Microbial strains and inoculum preparation

Four type strains from the American Type Culture Collection were used:
Staphylococcus aureus ATCC 29213, Staphylococcus epidermidis ATCC 155,
Acinetobacter baumannii ATCC 19606 and Candida albicans ATCC 90028.

Bacterial strains were kept frozen in Luria-Bertani broth (LB; Difco
Laboratories, Detroit, MI, USA) supplemented with 20% glycerol and yeast strains in
yeast potato dextrose broth (YPD; Difco Laboratories) supplemented with 40%
glycerol, at -70°C until testing. For each experiment, the microorganisms were
previously subcultured twice on LB agar at 37°C during 24 h for bacteria or Sabouraud
agar (Difco Laboratories) at 35°C during 24 h for yeasts, in order to assess the viability

and purity of the culture.

For the inoculum preparation, the microbial strains were grown overnight in LB
(bacteria) or Sabouraud broth (yeast) at 37°C and 180 rpm; cells were harvested by
centrifugation (10000 g, 10 min), washed with PBS, counted in a Newbauer chamber
and the concentration was standardized to 1x10’ cells/mL for bacteria and 1x10°

cells/mL for yeasts, in PBS.
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Polyurethane catheter implantation procedure

A mouse subcutaneous foreign body infection model as described by Rupp et al.*** was
used, with slight modifications. Eight-week-old pathogen-free female BALB/c mice
(Charles River) weighting 20 g were used. Animals were housed in accordance with the
Federation of European Laboratory Animals of science Associations (FELASA)
criteria. Animal experiments were approved by the Animal Ethical Committee of

Faculty of Medicine, University of Porto.

Prior to catheter implantation, mice were anaesthetized by intraperitoneal
injection (1 mg/kg) of a mixture of xylazine (20 mg/mL) and ketamine (100 mg/mL) in
a ratio of 1:2 (vol/vol) and the lower back of each animal was shaved with a hair clipper
and disinfected with 0.5% chlorhexidine in 70% alcohol. A 2 mm incision was made
longitudinally and the subcutis was dissected. Using an aseptic technique, six 1-cm
segment polyurethane intravenous catheters (BD Vialon™ 16G 1.7x45 mm, Becton
Dickinson and Company, Canada) were implanted into the subcutaneous space (Figure
6. A). Before implantation, catheters were soaked for 24 h with cerium nitrate,
hamamelitannin (Figure 5) or LMWC at concentrations corresponding to the respective
(previously determined in task 2) minimal inhibitory concentration (MIC), ¥ MIC and
Y4 MIC regarding each species. Catheters incubated in plain PBS were used as positive
control. Five animals were used for each experimental condition. Thereafter, 300 pL of
each standardized microbial suspension or of PBS (control) were injected into the
pockets. The incision was closed with a monofilament suture and disinfected with 0.5%
chlorhexidine in 70% alcohol (Figure 6. B).

Figure 5. Catheter segments soaked with hamamelitannin before the implantation procedure.
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Figure 6. Subcutaneous pocket with catheter segments after implantation in the mice (A) and after

inoculation and closure of the pocket (B).

Biofilm formation assessment

At day 7, the animals were sacrificed, the catheters were aseptically removed (Figure 7.
A and B) and biofilm was quantified spectrophotometrically by two different
methodologies: XTT assay, measuring the biofilm metabolic activity at 492 nm, and
crystal violet (CV) assay, measuring the biofilm total biomass at 590 nm.*** In addition,

catheter segments were submitted to scanning electron microscopy (SEM) imaging.

Figure 7. Mice at day 7 of subcutaneous pocket infection with A. baumannii: catheter segments treated
with hamamelitannin (A) and without treatment (B).
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Scanning electron microscopy

Catheters were washed in PBS, sectioned lengthwise and fixed overnight (4%
formaldehyde and 1% glutaraldehyde v/v in PBS). The samples were rinsed in PBS and
air dried in desiccators.’* Samples were coated with gold/palladium (40%/60%) and
observed in a scanning electron microscope (JEOL JSM 6301F/Oxford INCA Energy
350) in high vacuum mode at 15 kV, at CEMUP (Materials Centre of the University of
Porto).

Data analysis

Biofilm metabolic activity and total biomass formed in the presence of cerium nitrate,
LMWC and hamamelitannin were expressed as the percentage in relation to the control.
Values were divided by 1000 and arcsine square root transformed to achieve normal
distribution and homoscedasticity. For each compound, each concentration and each
microorganism, biofilm formation was compared by one-way ANOVA, followed by a

Dunnett's test to identify significant effects; P value< 0.05 was considered significant.

Results

Cerium nitrate, at a concentration of 6.5x10° mg/L, reduced significantly the biofilm
metabolic activity of S. epidermidis by 48.3% (£12.4) and its total biomass by 37.0%
(+8.9) (Figure 8. A). For C. albicans, cerium nitrate at 1.3x10° mg/L inhibited the
metabolic activity by 66.4% (x7.7) and the biomass by 28.0% (+4.3) (Figure 8. B).

LMWC, at 80 mg/L, decreased significantly the biofilm metabolic activity of
S. epidermidis by 57.6% (+£14.3) and its total biomass by 41.3% (+5.6) (Figure 8. C).
Concerning C. albicans, 2.5x10° mg/L resulted in inhibition of the metabolic activity by
43.5% (+16.6) and of the total biomass by 23.2% (+13.7) (Figure 8. D).

Hamamelitannin reduced significantly all bacterial biofilms at subinhibitory
concentrations: at 50 mg/L, S. aureus biofilm metabolic activity decreased by 59.3%
(£19.1) and its total biomass by 48.4% (+8.0) (Figure 8. E); at the same concentration,
S. epidermidis biofilm metabolic activity was reduced by 36.3% (+12.4) and its total

40


file:///C:/Documents%20and%20Settings/luis/Ambiente%20de%20trabalho/tese%20r16.doc%23_ENREF_134

biomass by 34.6% (+6.9) (Figure 8. F); at 30 mg/L, hamamelitannin inhibited A.
baumannii biofilm metabolic activity by 36.7% (£3.4) and its total biomass by 31.6%
(£9.2) (Figure 8. G).

At other subinhibitory concentrations, no significant biofilm inhibition was

found for the tested microbial strains (data not shown).
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Figure 8. Effect of cerium nitrate (A and B), low molecular weight chitosan (LMWC) (C and D) and
hamamelitannin (E, F and G) upon biofilm formation by S. epidermidis (A, C and F), S. aureus (E), A.
baumannii (G) and C. albicans (B and D). XTT assay was used to determine the biofilm metabolic

activity and CV assay to measure the total biomass. (*) P value <0.05.
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Scanning electron microscopic examination was used to determine the
architectural differences between biofilms. Untreated biofilms (Figure 9. A, B, |, J, M,
N, Q and R) comprised a more dense network of microbial cells and exopolymeric
matrix than treated biofilms (Figure 9. Cto H, K, L, O, P and Sto V).

Figure 9. Scanning electron microscopic (SEM) examination of untreated biofilms of S. epidermidis (A
and B), S. aureus (I and J), A. baumannii (M and N) and C. albicans (Q and R). SEM examination of S.
epidermidis biofilms treated with cerium nitrate at 6.5x10? mg/L (C and D), LMWC at 80 mg/L (E and F)
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and hamamelitannin at 50 mg/L (G and H); S. aureus biofilms treated with hamamelitannin at 50 mg/L
(K and L); A. baumannii biofilms treated with hamamelitannin at 30 mg/L (O and P); C. albicans
biofilms treated with cerium nitrate at 1.3x10° mg/L (S and T) and LMWC at 2.5x10° mg/L (U and V).

Discussion

In the long quest aiming to prevent medical device-related infections in a more effective
way, many different strategies have been proposed. Until now, such objective remains
to be fulfilled. Cerium nitrate, LMWC and hamamelitannin are biocompatible and
relatively inexpensive compounds that could be used to coat CVCs and other medical
indwelling devices. Differences in their mechanisms of action might explain the pattern
of antimicrobial activity: whereas cerium nitrate and LMWC may disrupt the cell
membrane, %! hamamelitannin seems to inhibit bacterial cell communication.*” The
microbicidal effect of cerium nitrate and LMWC upon usual CVC colonizers was
previously shown in vitro, as was the antibiofilm activity of hamamelitannin on
polyurethane catheter segments. However, in vivo experiments with subinhibitory
concentrations of those compounds remained to be made, since results obtained under in
vitro conditions do not account for the intricate interaction between the host cells,

immune system and biofilm community.

Garner et al., studying the action of cerium nitrate on the treatment of severe
burns, reported about its limited antimicrobial properties.'® However, minimal lethal
concentrations (MLCs) and MICs have been published more recently both for bacteria
and yeasts.’® In vivo, at subinhibitory concentrations, cerium nitrate exhibited an
antibiofilm effect only against C. albicans. Such selective finding should not preclude
its biomedical use since it is used routinely in medical burn wound care as an effective
antiseptic, at much higher concentrations and with no known toxicity. In addition,
Candida organisms are important pathogens regarding CRBSIs.

The microbicidal activity of LMWC upon usual CVC colonizers has already
been documented in vitro. More recently, using an in vivo CVC model, Martinez et al.
demonstrated the efficacy of chitosan against Candida species biofilms.**® Our study
not only supports these findings concerning C. albicans, at subinhibitory concentrations

of chitosan, but further documents the antibiofilm efficacy against S. epidermidis, a

43


file:///C:/Documents%20and%20Settings/luis/Ambiente%20de%20trabalho/tese%20r16.doc%23_ENREF_105
file:///C:/Documents%20and%20Settings/luis/Ambiente%20de%20trabalho/tese%20r16.doc%23_ENREF_111
file:///C:/Documents%20and%20Settings/luis/Ambiente%20de%20trabalho/tese%20r16.doc%23_ENREF_117
file:///C:/Documents%20and%20Settings/luis/Ambiente%20de%20trabalho/tese%20r16.doc%23_ENREF_105
file:///C:/Documents%20and%20Settings/luis/Ambiente%20de%20trabalho/tese%20r16.doc%23_ENREF_135
file:///C:/Documents%20and%20Settings/luis/Ambiente%20de%20trabalho/tese%20r16.doc%23_ENREF_136

much more common CVC colonizer.®® Given the known biocompatibility of chitosan,
promising results could be achieved in the prevention of CRBSIs by a wider range of
microbial colonizers if higher concentrations were used for treating the surface of
CVCs.

At subinhibitory concentrations, the highest antibiofilm efficacy was obtained
with hamamelitannin: a reduction in the metabolic activity and total biomass was
documented for S. aureus, S. epidermidis and A. baumannii. This is the first report of in
vivo biofilm inhibition for A. baumannii, confirming our previous in vitro description.
Moreover, the antibiofilm efficacy was achieved at lower concentrations than expected
considering our in vitro results regarding all tested bacteria, a fact that may be
attributable to differences in environmental conditions. Concerning staphylococci,
Kiran et al. attributed such discrepancy to the specific in vivo quorum-sensing inhibitor
effect of hamamelitannin.**” For pre-soaked grafts, the same authors reported no signs
of staphylococcal infection in vivo with hamamelitannin concentrations of 30 mg/L, but
the present study found a statistically significant reduction of biofilm formation by no
more than ~50%, even at 100 mg/L. Nonetheless, hamamelitannin may be an excellent

compound to coat medical devices given its bacterial range of biofilm inhibition.
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Aetiology of CVC colonization (paper 1)

e The aetiology of CVC isolates recovered from national ICU patients was similar
to European data except for C. glabrata, which ranked second among yeasts.

e Antimicrobial resistance was higher than expected, particularly regarding S.
epidermidis, S. aureus, E. faecium, P. aeruginosa and A. baumannii.
Conversely, Enterobacteriaceae were highly susceptible to cephalosporins. No

antifungal resistance was found among the tested yeast strains.

e In order to ensure the efficacy of new therapeutic protocols considering the local
patterns of antimicrobial susceptibility, continued surveillance of antimicrobial

resistance is of paramount importance.

e The promotion of the essential elements of CVC care in this hospital is expected

to result in a reduction of CRBSIs.

In vitro microbial biofilm formation on chemically treated catheters (papers I, 1V-
V1)

e Despite the controversy that could be found in previous published studies,
cerium nitrate and LMWC displayed an effective microbicidal effect upon S.
epidermidis, S. aureus, A. baumannii and C. albicans.

e In the case of C. albicans, such effect of cerium nitrate is related to cell

membrane damage.

e At subinhibitory concentrations:

o Catheters treated with cerium nitrate were effective against C. albicans

biofilm formation;

o Catheters treated with LMWC inhibited S. epidermidis and C. albicans

biofilm formation;

o Catheters treated with hamamelitannin inhibited biofilm formation by all
the tested bacteria.
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In vivo efficacy of chemically treated catheters (paper 111)

The in vivo antibiofilm efficacy of catheters treated with cerium nitrate, LMWC
and hamamelitannin was found to be similar to that documented in vitro, notably

regarding A. baumannii.

The mouse foreign body infection model with subcutaneous implantation of
catheter segments was documented to be a useful model for the study of
indwelling catheter infection, both by quantitative and qualitative methods such

as electron microscopy imaging studies.
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Future perspectives



A more durable coating strategy for cerium nitrate, chitosan and hamamelitannin and its
further in vivo testing using the CVC animal model is the next step in the path to
develop a more cost-effective and biocompatible indwelling catheter, that could reduce

CRBSIs more effectively than the present available options.

In addition, studies are being conducted to clarify the mechanism of biofilm
inhibition and the endovascular biocompatibility of these inhibitors, which may play

promising roles in future biomedical applications.

49



50

References



10.

11.

12.

13.

14.

15.

Cicalini S, Palmieri F, Petrosillo N. Clinical review: new technologies for prevention of
intravascular catheter-related infections. Crit Care. Jun 2004;8(3):157-162.

Mermel LA, Farr BM, Sherertz RJ, et al. Guidelines for the management of intravascular
catheter-related infections. Clinical infectious diseases : an official publication of the Infectious
Diseases Society of America. May 1 2001;32(9):1249-1272.

Raad I, Hanna H, Maki D. Intravascular catheter-related infections: advances in diagnosis,
prevention, and management. The Lancet infectious diseases. Oct 2007;7(10):645-657.

Tacconelli E, Smith G, Hieke K, Lafuma A, Bastide P. Epidemiology, medical outcomes and
costs of catheter-related bloodstream infections in intensive care units of four European
countries: literature- and registry-based estimates. The Journal of hospital infection. Jun
2009;72(2):97-103.

Warren DK, Quadir WW, Hollenbeak CS, Elward AM, Cox MJ, Fraser VVJ. Attributable cost of
catheter-associated bloodstream infections among intensive care patients in a nonteaching
hospital. Critical care medicine. Aug 2006;34(8):2084-2089.

Dimick JB, Pelz RK, Consunji R, Swoboda SM, Hendrix CW, Lipsett PA. Increased resource
use associated with catheter-related bloodstream infection in the surgical intensive care unit.
Arch Surg. Feb 2001;136(2):229-234.

Pittet D, Tarara D, Wenzel RP. Nosocomial bloodstream infection in critically ill patients.
Excess length of stay, extra costs, and attributable mortality. JAMA : the journal of the American
Medical Association. May 25 1994;271(20):1598-1601.

Reed CR, Sessler CN, Glauser FL, Phelan BA. Central venous catheter infections: concepts and
controversies. Intensive care medicine. Feb 1995;21(2):177-183.

Polderman KH, Girbes AR. Central venous catheter use. Part 2: infectious complications.
Intensive care medicine. Jan 2002;28(1):18-28.

National Nosocomial Infections Surveillance (NNIS) System Report, data summary from
January 1992 through June 2004, issued October 2004. American journal of infection control.
Dec 2004;32(8):470-485.

Cervera C, Almela M, Martinez-Martinez JA, Moreno A, Miro JM. Risk factors and
management of Gram-positive bacteraemia. International journal of antimicrobial agents.
2009;34 Suppl 4:526-30.

Huebner J, Goldmann DA. Coagulase-negative staphylococci: role as pathogens. Annual review
of medicine. 1999;50:223-236.

Fowler VG, Jr., Sanders LL, Sexton DJ, et al. Outcome of Staphylococcus aureus bacteremia
according to compliance with recommendations of infectious diseases specialists: experience
with 244 patients. Clinical infectious diseases : an official publication of the Infectious Diseases
Society of America. Sep 1998;27(3):478-486.

Kluytmans J, van Belkum A, Verbrugh H. Nasal carriage of Staphylococcus aureus:
epidemiology, underlying mechanisms, and associated risks. Clinical microbiology reviews. Jul
1997;10(3):505-520.

Cosgrove SE, Qi Y, Kaye KS, Harbarth S, Karchmer AW, Carmeli Y. The impact of methicillin
resistance in Staphylococcus aureus bacteremia on patient outcomes: mortality, length of stay,
and hospital charges. Infection control and hospital epidemiology : the official journal of the
Society of Hospital Epidemiologists of America. Feb 2005;26(2):166-174.

51



16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

Sydnor ER, Perl TM. Hospital epidemiology and infection control in acute-care settings. Clinical
microbiology reviews. Jan 2011;24(1):141-173.

Hanna H, Afif C, Alakech B, et al. Central venous catheter-related bacteremia due to gram-
negative bacilli: significance of catheter removal in preventing relapse. Infection control and
hospital epidemiology : the official journal of the Society of Hospital Epidemiologists of
America. Aug 2004;25(8):646-649.

Paterson DL. Impact of antibiotic resistance in gram-negative bacilli on empirical and definitive
antibiotic therapy. Clinical infectious diseases : an official publication of the Infectious Diseases
Society of America. Sep 15 2008;47 Suppl 1:514-20.

Lautenbach E, Polk RE. Resistant gram-negative bacilli: A neglected healthcare crisis?
American journal of health-system pharmacy : AJHP : official journal of the American Society
of Health-System Pharmacists. Dec 1 2007;64(23 Suppl 14):S3-21; quiz S22-24.

Fournier PE, Richet H. The epidemiology and control of Acinetobacter baumannii in health care
facilities. Clinical infectious diseases : an official publication of the Infectious Diseases Society
of America. Mar 1 2006;42(5):692-699.

Maragakis LL, Perl TM. Acinetobacter baumannii: epidemiology, antimicrobial resistance, and
treatment options. Clinical infectious diseases : an official publication of the Infectious Diseases
Society of America. Apr 15 2008;46(8):1254-1263.

Villegas MV, Hartstein Al. Acinetobacter outbreaks, 1977-2000. Infection control and hospital
epidemiology : the official journal of the Society of Hospital Epidemiologists of America. Apr
2003;24(4):284-295.

Perlroth J, Choi B, Spellberg B. Nosocomial fungal infections: epidemiology, diagnosis, and
treatment. Medical mycology : official publication of the International Society for Human and
Animal Mycology. Jun 2007;45(4):321-346.

Wey SB, Mori M, Pfaller MA, Woolson RF, Wenzel RP. Risk factors for hospital-acquired
candidemia. A matched case-control study. Archives of internal medicine. Oct
1989;149(10):2349-2353.

Pfaller MA, Jones RN, Doern GV, et al. International surveillance of blood stream infections due
to Candida species in the European SENTRY Program: species distribution and antifungal
susceptibility including the investigational triazole and echinocandin agents. SENTRY
Participant Group (Europe). Diagnostic microbiology and infectious disease. Sep 1999;35(1):19-
25.

Pfaller MA, Jones RN, Doern GV, Sader HS, Hollis RJ, Messer SA. International surveillance of
bloodstream infections due to Candida species: frequency of occurrence and antifungal
susceptibilities of isolates collected in 1997 in the United States, Canada, and South America for
the SENTRY Program. The SENTRY Participant Group. Journal of clinical microbiology. Jul
1998;36(7):1886-1889.

Costa-de-Oliveira S, Pina-Vaz C, Mendonca D, Goncalves Rodrigues A. A first Portuguese
epidemiological survey of fungaemia in a university hospital. European journal of clinical
microbiology & infectious diseases : official publication of the European Society of Clinical
Microbiology. May 2008;27(5):365-374.

Mermel LA, McCormick RD, Springman SR, Maki DG. The pathogenesis and epidemiology of
catheter-related infection with pulmonary artery Swan-Ganz catheters: a prospective study
utilizing molecular subtyping. The American journal of medicine. Sep 16 1991;91(3B):197S-
205S.

52



29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Safdar N, Maki DG. The pathogenesis of catheter-related bloodstream infection with noncuffed
short-term central venous catheters. Intensive care medicine. Jan 2004;30(1):62-67.

Raad I, Costerton W, Sabharwal U, Sacilowski M, Anaissie E, Bodey GP. Ultrastructural
analysis of indwelling vascular catheters: a quantitative relationship between luminal
colonization and duration of placement. The Journal of infectious diseases. Aug
1993;168(2):400-407.

Anaissie E, Samonis G, Kontoyiannis D, et al. Role of catheter colonization and infrequent
hematogenous seeding in catheter-related infections. European journal of clinical microbiology
& infectious diseases : official publication of the European Society of Clinical Microbiology.
Feb 1995;14(2):134-137.

Raad I, Hanna HA, Awad A, et al. Optimal frequency of changing intravenous administration
sets: is it safe to prolong use beyond 72 hours? Infection control and hospital epidemiology : the
official journal of the Society of Hospital Epidemiologists of America. Mar 2001;22(3):136-139.

von Eiff C, Peters G, Heilmann C. Pathogenesis of infections due to coagulase-negative
staphylococci. The Lancet infectious diseases. Nov 2002;2(11):677-685.

Zhu Y, Weiss EC, Otto M, Fey PD, Smeltzer MS, Somerville GA. Staphylococcus aureus
biofilm metabolism and the influence of arginine on polysaccharide intercellular adhesin
synthesis, biofilm formation, and pathogenesis. Infection and immunity. Sep 2007;75(9):4219-
4226.

Douglas LJ. Candida biofilms and their role in infection. Trends in microbiology. Jan
2003;11(1):30-36.

Donlan RM, Costerton JW. Biofilms: survival mechanisms of clinically relevant
microorganisms. Clinical microbiology reviews. Apr 2002;15(2):167-193.

Donlan RM. Biofilms: microbial life on surfaces. Emerging infectious diseases. Sep
2002;8(9):881-890.

Dunne WM, Jr., Burd EM. The effects of magnesium, calcium, EDTA, and pH on the in vitro
adhesion of Staphylococcus epidermidis to plastic. Microbiology and immunology.
1992;36(10):1019-1027.

Mehall JR, Saltzman DA, Jackson RJ, Smith SD. Fibrin sheath enhances central venous catheter
infection. Critical care medicine. Apr 2002;30(4):908-912.

McDevitt D, Francois P, Vaudaux P, Foster TJ. Identification of the ligand-binding domain of
the surface-located fibrinogen receptor (clumping factor) of Staphylococcus aureus. Molecular
microbiology. Jun 1995;16(5):895-907.

Ni Eidhin D, Perkins S, Francois P, Vaudaux P, Hook M, Foster TJ. Clumping factor B (CIfB), a
new surface-located fibrinogen-binding adhesin of Staphylococcus aureus. Molecular
microbiology. Oct 1998;30(2):245-257.

Raad, 11, Luna M, Khalil SA, Costerton JW, Lam C, Bodey GP. The relationship between the
thrombotic and infectious complications of central venous catheters. JAMA : the journal of the
American Medical Association. Apr 6 1994;271(13):1014-1016.

Herrmann M, Suchard SJ, Boxer LA, Waldvogel FA, Lew PD. Thrombospondin binds to
Staphylococcus aureus and promotes staphylococcal adherence to surfaces. Infection and
immunity. Jan 1991;59(1):279-288.

53



44,

45.

46.

47.

48.

49,

50.

51.

52.

53.

54,

55.

56.

57.

58.

Sheth NK, Franson TR, Rose HD, Buckmire FL, Cooper JA, Sohnle PG. Colonization of
bacteria on polyvinyl chloride and Teflon intravascular catheters in hospitalized patients.
Journal of clinical microbiology. Nov 1983;18(5):1061-1063.

Maki DG, Ringer M. Evaluation of dressing regimens for prevention of infection with peripheral
intravenous catheters. Gauze, a transparent polyurethane dressing, and an iodophor-transparent
dressing. JAMA : the journal of the American Medical Association. Nov 6 1987;258(17):2396-
2403.

Donlan RM. Role of biofilms in antimicrobial resistance. ASAIO J. Nov-Dec 2000;46(6):S47-52.

Farber BF, Kaplan MH, Clogston AG. Staphylococcus epidermidis extracted slime inhibits the
antimicrobial action of glycopeptide antibiotics. The Journal of infectious diseases. Jan
1990;161(1):37-40.

Warren DK, Zack JE, Mayfield JL, et al. The effect of an education program on the incidence of
central venous catheter-associated bloodstream infection in a medical ICU. Chest. Nov
2004;126(5):1612-1618.

Warren DK, Cosgrove SE, Diekema DJ, et al. A multicenter intervention to prevent catheter-
associated bloodstream infections. Infection control and hospital epidemiology : the official
journal of the Society of Hospital Epidemiologists of America. Jul 2006;27(7):662-669.

Eggimann P, Harbarth S, Constantin MN, Touveneau S, Chevrolet JC, Pittet D. Impact of a
prevention strategy targeted at vascular-access care on incidence of infections acquired in
intensive care. Lancet. May 27 2000;355(9218):1864-1868.

Lorente L, Henry C, Martin MM, Jimenez A, Mora ML. Central venous catheter-related
infection in a prospective and observational study of 2,595 catheters. Crit Care. 2005;9(6):R631-
635.

Goetz AM, Wagener MM, Miller JM, Muder RR. Risk of infection due to central venous
catheters: effect of site of placement and catheter type. Infection control and hospital
epidemiology : the official journal of the Society of Hospital Epidemiologists of America. Nov
1998;19(11):842-845.

Merrer J, De Jonghe B, Golliot F, et al. Complications of femoral and subclavian venous
catheterization in critically ill patients: a randomized controlled trial. JAMA : the journal of the
American Medical Association. Aug 8 2001;286(6):700-707.

Joynt GM, Kew J, Gomersall CD, Leung VY, Liu EK. Deep venous thrombosis caused by
femoral venous catheters in critically ill adult patients. Chest. Jan 2000;117(1):178-183.

Lorente L, Jimenez A, Iribarren JL, Jimenez JJ, Martin MM, Mora ML. The micro-organism
responsible for central venous catheter related bloodstream infection depends on catheter site.
Intensive care medicine. Sep 2006;32(9):1449-1450.

Richet H, Hubert B, Nitemberg G, et al. Prospective multicenter study of vascular-catheter-
related complications and risk factors for positive central-catheter cultures in intensive care unit
patients. Journal of clinical microbiology. Nov 1990;28(11):2520-2525.

Ruesch S, Walder B, Tramer MR. Complications of central venous catheters: internal jugular
versus subclavian access--a systematic review. Critical care medicine. Feb 2002;30(2):454-460.

Moretti EW, Ofstead CL, Kristy RM, Wetzler HP. Impact of central venous catheter type and
methods on catheter-related colonization and bacteraemia. The Journal of hospital infection. Oct
2005;61(2):139-145.

54



59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Parienti JJ, Thirion M, Megarbane B, et al. Femoral vs jugular venous catheterization and risk of
nosocomial events in adults requiring acute renal replacement therapy: a randomized controlled
trial. JAMA : the journal of the American Medical Association. May 28 2008;299(20):2413-
2422,

Maki DG, Ringer M. Risk factors for infusion-related phlebitis with small peripheral venous
catheters. A randomized controlled trial. Annals of internal medicine. May 15 1991;114(10):845-
854.

Yeung C, May J, Hughes R. Infection rate for single lumen v triple lumen subclavian catheters.
Infection control and hospital epidemiology : the official journal of the Society of Hospital
Epidemiologists of America. Apr 1988;9(4):154-158.

Hilton E, Haslett TM, Borenstein MT, Tucci V, Isenberg HD, Singer C. Central catheter
infections: single- versus triple-lumen catheters. Influence of guide wires on infection rates when
used for replacement of catheters. The American journal of medicine. Apr 1988;84(4):667-672.

Pronovost P, Needham D, Berenholtz S, et al. An intervention to decrease catheter-related
bloodstream infections in the ICU. The New England journal of medicine. Dec 28
2006;355(26):2725-2732.

Berenholtz SM, Pronovost PJ, Lipsett PA, et al. Eliminating catheter-related bloodstream
infections in the intensive care unit. Critical care medicine. Oct 2004;32(10):2014-2020.

Parenti CM, Lederle FA, Impola CL, Peterson LR. Reduction of unnecessary intravenous
catheter use. Internal medicine house staff participate in a successful quality improvement
project. Archives of internal medicine. Aug 22 1994;154(16):1829-1832.

Raad, 11, Hohn DC, Gilbreath BJ, et al. Prevention of central venous catheter-related infections
by using maximal sterile barrier precautions during insertion. Infection control and hospital
epidemiology : the official journal of the Society of Hospital Epidemiologists of America. Apr
1994;15(4 Pt 1):231-238.

Abi-Said D, Raad I, Umphrey J, et al. Infusion therapy team and dressing changes of central
venous catheters. Infection control and hospital epidemiology : the official journal of the Society
of Hospital Epidemiologists of America. Feb 1999;20(2):101-105.

Maki DG, Ringer M, Alvarado CJ. Prospective randomised trial of povidone-iodine, alcohol, and
chlorhexidine for prevention of infection associated with central venous and arterial catheters.
Lancet. Aug 10 1991;338(8763):339-343.

Mimoz O, Pieroni L, Lawrence C, et al. Prospective, randomized trial of two antiseptic solutions
for prevention of central venous or arterial catheter colonization and infection in intensive care
unit patients. Critical care medicine. Nov 1996;24(11):1818-1823.

Sherertz RJ, Ely EW, Westbrook DM, et al. Education of physicians-in-training can decrease the
risk for vascular catheter infection. Annals of internal medicine. Apr 18 2000;132(8):641-648.

Carrer S, Bocchi A, Bortolotti M, et al. Effect of different sterile barrier precautions and central
venous catheter dressing on the skin colonization around the insertion site. Minerva
anestesiologica. May 2005;71(5):197-206.

Boyce JM, Pittet D. Guideline for Hand Hygiene in Health-Care Settings: recommendations of
the  Healthcare Infection Control  Practices Advisory = Committee and the
HICPAC/SHEA/APIC/IDSA Hand Hygiene Task Force. Infection control and hospital
epidemiology : the official journal of the Society of Hospital Epidemiologists of America. Dec
2002;23(12 Suppl):S3-40.

55



73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Bischoff WE, Reynolds TM, Sessler CN, Edmond MB, Wenzel RP. Handwashing compliance
by health care workers: The impact of introducing an accessible, alcohol-based hand antiseptic.
Archives of internal medicine. Apr 10 2000;160(7):1017-1021.

Pittet D, Dharan S, Touveneau S, Sauvan V, Perneger TV. Bacterial contamination of the hands
of hospital staff during routine patient care. Archives of internal medicine. Apr 26
1999;159(8):821-826.

O'Grady NP, Alexander M, Burns LA, et al. Guidelines for the prevention of intravascular
catheter-related infections. Clinical infectious diseases : an official publication of the Infectious
Diseases Society of America. May 2011;52(9):e162-193.

van de Wetering MD, van Woensel JB. Prophylactic antibiotics for preventing early central
venous catheter Gram positive infections in oncology patients. Cochrane Database Syst Rev.
2007(1):CD003295.

Gillies D, O'Riordan L, Wallen M, Morrison A, Rankin K, Nagy S. Optimal timing for
intravenous administration set replacement. Cochrane Database Syst Rev. 2005(4):CD003588.

Josephson A, Gombert ME, Sierra MF, Karanfil LV, Tansino GF. The relationship between
intravenous fluid contamination and the frequency of tubing replacement. Infection control : IC.
Sep 1985;6(9):367-370.

Gilbert M, Gallagher SC, Eads M, Elmore MF. Microbial growth patterns in a total parenteral
nutrition formulation containing lipid emulsion. JPEN. Journal of parenteral and enteral
nutrition. Sep-Oct 1986;10(5):494-497.

Maki DG, Martin WT. Nationwide epidemic of septicemia caused by contaminated infusion
products. 1V. Growth of microbial pathogens in fluids for intravenous infusions. The Journal of
infectious diseases. Mar 1975;131(3):267-272.

Schwartz C, Henrickson KJ, Roghmann K, Powell K. Prevention of bacteremia attributed to
luminal colonization of tunneled central venous catheters with vancomycin-susceptible
organisms. Journal of clinical oncology : official journal of the American Society of Clinical
Oncology. Sep 1990;8(9):1591-1597.

Kim SH, Song KI, Chang JW, et al. Prevention of uncuffed hemodialysis catheter-related
bacteremia using an antibiotic lock technique: a prospective, randomized clinical trial. Kidney
international. Jan 2006;69(1):161-164.

Randolph AG, Cook DJ, Gonzales CA, Andrew M. Benefit of heparin in central venous and
pulmonary artery catheters: a meta-analysis of randomized controlled trials. Chest. Jan
1998;113(1):165-171.

Veenstra DL, Saint S, Saha S, Lumley T, Sullivan SD. Efficacy of antiseptic-impregnated
central venous catheters in preventing catheter-related bloodstream infection: a meta-analysis.
JAMA : the journal of the American Medical Association. Jan 20 1999;281(3):261-267.

Oda T, Hamasaki J, Kanda N, Mikami K. Anaphylactic shock induced by an antiseptic-coated
central venous [correction of nervous] catheter. Anesthesiology. Nov 1997;87(5):1242-1244.

Ramos ER, Reitzel R, Jiang Y, et al. Clinical effectiveness and risk of emerging resistance
associated with prolonged use of antibiotic-impregnated catheters: more than 0.5 million catheter
days and 7 years of clinical experience. Critical care medicine. Feb 2011;39(2):245-251.

56



87.

88.

89.

90.

91.

92.

93.

94,

95.

96.

97.

98.

99.

100.

101.

Gilbert RE, Harden M. Effectiveness of impregnated central venous catheters for catheter related
blood stream infection: a systematic review. Current opinion in infectious diseases. Jun
2008;21(3):235-245.

Kalfon P, de Vaumas C, Samba D, et al. Comparison of silver-impregnated with standard multi-
lumen central venous catheters in critically ill patients. Critical care medicine. Apr
2007;35(4):1032-1039.

Rai M, Yadav A, Gade A. Silver nanoparticles as a new generation of antimicrobials.
Biotechnology advances. Jan-Feb 2009;27(1):76-83.

Azeredo J, Sutherland IW. The use of phages for the removal of infectious biofilms. Current
pharmaceutical biotechnology. Aug 2008;9(4):261-266.

Batoni G, Maisetta G, Brancatisano FL, Esin S, Campa M. Use of antimicrobial peptides against
microbial biofilms: advantages and limits. Current medicinal chemistry. 2011;18(2):256-279.

Kaplan JB, Ragunath C, Velliyagounder K, Fine DH, Ramasubbu N. Enzymatic detachment of
Staphylococcus epidermidis  biofilms.  Antimicrobial agents and chemotherapy. Jul
2004;48(7):2633-2636.

Mansouri MD, Darouiche RO. In vitro antimicrobial activity of N-acetylcysteine against bacteria
colonising central venous catheters. International journal of antimicrobial agents. Apr
2007;29(4):474-476.

Tamilvanan S, Venkateshan N, Ludwig A. The potential of lipid- and polymer-based drug
delivery carriers for eradicating biofilm consortia on device-related nosocomial infections.
Journal of controlled release : official journal of the Controlled Release Society. May 22
2008;128(1):2-22.

Regev-Shoshani G, Ko M, Miller C, Av-Gay Y. Slow release of nitric oxide from charged
catheters and its effect on biofilm formation by Escherichia coli. Antimicrobial agents and
chemotherapy. Jan 2010;54(1):273-279.

Fang FC. Perspectives series: host/pathogen interactions. Mechanisms of nitric oxide-related
antimicrobial activity. The Journal of clinical investigation. Jun 15 1997;99(12):2818-2825.

del Pozo JL, Rouse MS, Mandrekar JN, Steckelberg JM, Patel R. The electricidal effect:
reduction of Staphylococcus and pseudomonas biofilms by prolonged exposure to low-intensity
electrical current. Antimicrobial agents and chemotherapy. Jan 2009;53(1):41-45.

del Pozo JL, Rouse MS, Mandrekar JN, Sampedro MF, Steckelberg JM, Patel R. Effect of
electrical current on the activities of antimicrobial agents against Pseudomonas aeruginosa,
Staphylococcus aureus, and Staphylococcus epidermidis biofilms. Antimicrobial agents and
chemotherapy. Jan 2009;53(1):35-40.

Carmen JC, Roeder BL, Nelson JL, et al. Treatment of biofilm infections on implants with low-
frequency ultrasound and antibiotics. American journal of infection control. Mar 2005;33(2):78-
82.

Wilson M. Light-activated antimicrobial coating for the continuous disinfection of surfaces.
Infection control and hospital epidemiology : the official journal of the Society of Hospital
Epidemiologists of America. Oct 2003;24(10):782-784.

Decraene V, Pratten J, Wilson M. Cellulose acetate containing toluidine blue and rose bengal is
an effective antimicrobial coating when exposed to white light. Applied and environmental
microbiology. Jun 2006;72(6):4436-4439.

57



102.

103.

104.

105.

106.

107.

108.

109.

110.

111

112,

113.

114.

115.

116.

117.

Donlan RM. Preventing biofilms of clinically relevant organisms using bacteriophage. Trends in
microbiology. Feb 2009;17(2):66-72.

Johnston HJ, Hutchison G, Christensen FM, Peters S, Hankin S, Stone V. A review of the in
vivo and in vitro toxicity of silver and gold particulates: particle attributes and biological
mechanisms responsible for the observed toxicity. Critical reviews in toxicology. Apr
2010;40(4):328-346.

Perron GG, Zasloff M, Bell G. Experimental evolution of resistance to an antimicrobial peptide.
Proceedings. Biological sciences / The Royal Society. Jan 22 2006;273(1583):251-256.

Garner JP, Heppell PS. Cerium nitrate in the management of burns. Burns : journal of the
International Society for Burn Injuries. Aug 2005;31(5):539-547.

Marone P, Monzillo V, Perversi L, Carretto E. Comparative in vitro activity of silver
sulfadiazine, alone and in combination with cerium nitrate, against staphylococci and gram-
negative bacteria. J Chemother. Feb 1998;10(1):17-21.

Sobek JM, Talburt DE. Effects of the rare earth cerium on Escherichia coli. Journal of
bacteriology. Jan 1968;95(1):47-51.

Jarmila V, Vavrikova E. Chitosan derivatives with antimicrobial, antitumour and antioxidant
activities--a review. Current pharmaceutical design. 2011;17(32):3596-3607.

Zhang J, Xia W, Liu P, et al. Chitosan modification and pharmaceutical/biomedical applications.
Marine drugs. 2010;8(7):1962-1987.

Raafat D, von Bargen K, Haas A, Sahl HG. Insights into the mode of action of chitosan as an
antibacterial compound. Applied and environmental microbiology. Jun 2008;74(12):3764-3773.

Rabea El, Badawy ME, Stevens CV, Smagghe G, Steurbaut W. Chitosan as antimicrobial agent:
applications and mode of action. Biomacromolecules. Nov-Dec 2003;4(6):1457-1465.

Korting HC, Schafer-Korting M, Klovekorn W, Klovekorn G, Martin C, Laux P. Comparative
efficacy of hamamelis distillate and hydrocortisone cream in atopic eczema. European journal of
clinical pharmacology. 1995;48(6):461-465.

Korting HC, Schafer-Korting M, Hart H, Laux P, Schmid M. Anti-inflammatory activity of
hamamelis distillate applied topically to the skin. Influence of vehicle and dose. European
journal of clinical pharmacology. 1993;44(4):315-318.

Habtemariam S. Hamamelitannin from Hamamelis virginiana inhibits the tumour necrosis
factor-alpha (TNF)-induced endothelial cell death in vitro. Toxicon : official journal of the
International Society on Toxinology. Jan 2002;40(1):83-88.

Masaki H, Atsumi T, Sakurai H. Peroxyl radical scavenging activities of hamamelitannin in
chemical and biological systems. Free radical research. May 1995;22(5):419-430.

Masaki H, Atsumi T, Sakurai H. Protective activity of hamamelitannin on cell damage of murine
skin fibroblasts induced by UVB irradiation. Journal of dermatological science. Jul
1995;10(1):25-34.

Kiran MD, Adikesavan NV, Cirioni O, et al. Discovery of a quorum-sensing inhibitor of drug-
resistant  staphylococcal infections by structure-based virtual screening. Molecular
pharmacology. May 2008;73(5):1578-1586.

58



118.

119.

120.

121.

122.

123.

124,

125.

126.

127.

128.

129.

130.

131.

Maki DG, Weise CE, Sarafin HW. A semiquantitative culture method for identifying
intravenous-catheter-related infection. The New England journal of medicine. Jun 9
1977;296(23):1305-1309.

Clark NM, Hershberger E, Zervosc MJ, Lynch JP, 3rd. Antimicrobial resistance among gram-
positive organisms in the intensive care unit. Current opinion in critical care. Oct
2003;9(5):403-412.

Noble WC, Virani Z, Cree RG. Co-transfer of vancomycin and other resistance genes from
Enterococcus faecalis NCTC 12201 to Staphylococcus aureus. FEMS microbiology letters. Jun 1
1992;72(2):195-198.

Jones RN, Pfaller MA. Bacterial resistance: a worldwide problem. Diagnostic microbiology and
infectious disease. Jun 1998;31(2):379-388.

Clark NM, Patterson J, Lynch JP, 3rd. Antimicrobial resistance among gram-negative organisms
in the intensive care unit. Current opinion in critical care. Oct 2003;9(5):413-423.

McGowan JE, Jr. Resistance in nonfermenting gram-negative bacteria: multidrug resistance to
the maximum. The American journal of medicine. Jun 2006;119(6 Suppl 1):S29-36; discussion
S62-70.

Seppala H, Klaukka T, Vuopio-Varkila J, et al. The effect of changes in the consumption of
macrolide antibiotics on erythromycin resistance in group A streptococci in Finland. Finnish
Study Group for Antimicrobial Resistance. The New England journal of medicine. Aug 14
1997;337(7):441-446.

Livermore DM. Bacterial resistance: origins, epidemiology, and impact. Clinical infectious
diseases : an official publication of the Infectious Diseases Society of America. Jan 15
2003;36(Suppl 1):S11-23.

Gruson D, Hilbert G, Vargas F, et al. Rotation and restricted use of antibiotics in a medical
intensive care unit. Impact on the incidence of ventilator-associated pneumonia caused by
antibiotic-resistant gram-negative bacteria. American journal of respiratory and critical care
medicine. Sep 2000;162(3 Pt 1):837-843.

Paterson DL, Rice LB. Empirical antibiotic choice for the seriously ill patient: are minimization
of selection of resistant organisms and maximization of individual outcome mutually exclusive?
Clinical infectious diseases : an official publication of the Infectious Diseases Society of
America. Apr 15 2003;36(8):1006-1012.

Pina-Vaz C, Costa-de-Oliveira S, Rodrigues AG, Espinel-Ingroff A. Comparison of two probes
for testing susceptibilities of pathogenic yeasts to voriconazole, itraconazole, and caspofungin by
flow cytometry. Journal of clinical microbiology. Sep 2005;43(9):4674-4679.

Imamura Y, Chandra J, Mukherjee PK, et al. Fusarium and Candida albicans biofilms on soft
contact lenses: model development, influence of lens type, and susceptibility to lens care
solutions. Antimicrobial agents and chemotherapy. Jan 2008;52(1):171-182.

Alburquenque C, Bucarey SA, Neira-Carrillo A, Urzua B, Hermosilla G, Tapia CV. Antifungal
activity of low molecular weight chitosan against clinical isolates of Candida spp. Medical
mycology : official publication of the International Society for Human and Animal Mycology.
Dec 2010;48(8):1018-1023.

Palmeira-de-Oliveira A, Ribeiro MP, Palmeira-de-Oliveira R, et al. Anti-Candida activity of a
chitosan hydrogel: mechanism of action and cytotoxicity profile. Gynecologic and obstetric
investigation. 2010;70(4):322-327.

59



132.

133.

134.

135.

136.

Rupp ME, Ulphani JS, Fey PD, Bartscht K, Mack D. Characterization of the importance of
polysaccharide intercellular adhesin/hemagglutinin of Staphylococcus epidermidis in the
pathogenesis of biomaterial-based infection in a mouse foreign body infection model. Infection
and immunity. May 1999;67(5):2627-2632.

Peeters E, Nelis HJ, Coenye T. Comparison of multiple methods for quantification of microbial
biofilms grown in microtiter plates. Journal of microbiological methods. Feb 2008;72(2):157-
165.

Uppuluri P, Chaturvedi AK, Srinivasan A, et al. Dispersion as an important step in the Candida
albicans biofilm developmental cycle. PLoS pathogens. Mar 2010;6(3):e1000828.

Cobrado L, Azevedo MM, Silva-Dias A, Ramos JP, Pina-Vaz C, Rodrigues AG. Cerium,
chitosan and hamamelitannin as novel biofilm inhibitors? The Journal of antimicrobial
chemotherapy. May 2012;67(5):1159-1162.

Martinez LR, Mihu MR, Tar M, et al. Demonstration of antibiofilm and antifungal efficacy of
chitosan against candidal biofilms, using an in vivo central venous catheter model. The Journal
of infectious diseases. May 1 2010;201(9):1436-1440.

60



61

Summary



Patients admitted at Intensive Care Units (ICUs) often require central venous catheters
(CVCs) for multiple purposes. However, infectious complications may follow, ranging
from simple catheter colonization to sepsis. Worldwide, the incidence rate of catheter-
related bloodstream infections (CRBSIs) is high and its socio-economic impact is
considerable. Staphylococcus epidermidis, Staphylococcus aureus, Acinetobacter
baumannii and Candida albicans are among microbial agents most frequently isolated
from CRBSIs. Whichever might be the route of contamination, these organisms usually
form biofilm on CVCs that help to promote microbial resistance. Several strategies have
been proposed to control biofilm formation, but the success in reducing the infection
rate was achieved with variable success and toxicity. Concerning other alternatives,
cerium nitrate, chitosan and hamamelitannin are biocompatible and inexpensive
compounds with known antimicrobial activity (although not fully elucidated) that could
help to reduce CRBSIs.

The three main objectives of this investigation involved: (1) the determination of
the aetiology of CVVC colonization among intensive care patients at a national university
hospital; (2) the study of in vitro biofilm formation by organisms commonly associated
to CVC colonization and CRBSI, at the surface of cerium nitrate, low molecular weight
chitosan (LMWC, 107 kDa) and hamamelitannin treated catheters; and (3) the
evaluation of the in vivo efficacy of such coated catheters in the prevention of biofilm
formation.

Regarding the first objective, a retrospective study of a laboratorial database was
performed. Positive results from the culture of CVCs removed from ICU patients and
the antimicrobial susceptibility pattern of isolates were reviewed. As expected, the
aetiology of CVC colonization was similar to international data: S. epidermidis was the
most frequent isolate, followed by S. aureus, Enterobacteriaceae, Candida spp,
Pseudomonas aeruginosa, enterococci and A. baumannii. However, higher
antimicrobial resistance rates of S. aureus to methicillin, of E. faecium to vancomycin
and of P. aeruginosa and A. baumannii to carbapenems were found. Conversely,
Enterobacteriaceae displayed high susceptibility to cephalosporins, while no resistance
to azole antifungals was detected among Candida isolates. Routine surveillance for
antimicrobial resistance and the prospective evaluation of new therapeutic protocols
based on the local patterns of susceptibility might help to pursue a more strict selection
of antimicrobials in this hospital.

Concerning the second objective, the antibiofilm effect of cerium nitrate,
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LMWC and hamamelitannin was tested with S. epidermidis, S. aureus, A. baumannii
and C. albicans strains. In vitro biofilm formation was assessed on polyurethane
catheter segments and the metabolic activity was quantified by colorimetry. Cerium
nitrate and LMWC displayed an effective microbicidal effect upon all the tested strains.
Moreover, at subinhibitory concentrations, catheters treated with cerium nitrate were
effective against C. albicans biofilm formation; catheters treated with LMW(C inhibited
S. epidermidis and C. albicans biofilm formation; and catheters treated with
hamamelitannin inhibited the biofilm formation by all the tested bacteria. The in vitro
activity against A. baumannii biofilm was an original description.

Since the results obtained were so promising, the pursuit of the third objective
was addressed using all the compounds. The in vivo antibiofilm effect of cerium nitrate,
LMWC and hamamelitannin was tested at subinhibitory concentrations, using a mouse
foreign body infection model with catheter segments. Biofilm formation was assessed
both with a crystal violet assay, a tetrazolium reduction assay and with scanning
electron microscopy imaging. Results were found to be similar to those previously
documented in vitro.

In summary, it was demonstrated that cerium nitrate, LMWC and
hamamelitannin could be effective alternatives for the development of a more cost-
effective and biocompatible indwelling catheter, reducing CRBSIs more effectively than

the present available options.

63



64

Resumo



Os doentes admitidos em Unidades de Cuidados Intensivos (UCI) sdo frequentemente
submetidos a cateterizacdo venosa central (CVC). Consequentemente, podem ocorrer
complicagdes infecciosas, que variam de simples colonizacdo do cateter a sépsis.
Globalmente, a incidéncia de sépsis relacionada com cateter é elevada e o seu impacto
socio-economico é consideravel. Staphylococcus epidermidis, Staphylococcus aureus,
Acinetobacter baumannii e Candida albicans s&o muitas vezes isolados nessas
situacOes. Qualquer que seja a via de contaminacgéo, estes agentes infecciosos tendem a
formar um biofilme nos cateteres venosos centrais, 0 qual promove a resisténcia aos
antimicrobianos. Vaérias estratégias foram propostas para controlar a formacdo de
biofilme, apesar da redugdo da taxa de infeccédo ter sido conseguida com sucesso e
toxicidade variaveis. Relativamente a outras alternativas, o nitrato de cério, 0s
quitosanos e o hamamelitanino sdo compostos biocompativeis, pouco dispendiosos,
com actividade antimicrobiana conhecida (embora mal esclarecida) que poderiam ser
Uteis na reducdo da sépsis relacionada com CVC.

Os trés objectivos principais deste estudo envolveram: (1) a determinagédo da
etiologia da colonizacdo de CVCs em doentes de UCIs de um hospital universitario
nacional; (2) a investigacdo in vitro da adesdo de microorganismos formadores de
biofilme a cateteres tratados com nitrato de cério, quitosano de baixo peso molecular
(QBPM, 107 kDa) e hamamelitanino; e (3) a avaliacdo in vivo da eficacia desses
cateteres na prevencado da formacéo de biofilme.

Relativamente ao primeiro objectivo, procedeu-se a um estudo retrospectivo a
partir de uma base de dados laboratorial. Os resultados positivos do exame cultural dos
CVCs removidos dos doentes internados em UCIs e o padrdo de susceptibilidade
antimicrobiana das estirpes isoladas foram revistos. Conforme esperado, a etiologia da
colonizacdo dos CVCs foi semelhante a descrita internacionalmente: S. epidermidis foi
0 isolado mais frequente, seguindo-se S. aureus, Enterobacteriaceae, Candida spp,
Pseudomonas aeruginosa, enterococos e A. baumannii. Todavia, encontraram-se taxas
de resisténcia mais elevadas do S. aureus a meticilina, do E. faecium & vancomicina e da
P. aeruginosa e A. baumannii a carbapenemas. Pelo contrario, observou-se uma elevada
susceptibilidade de Enterobacteriaceae a cefalosporinas e nenhuma resisténcia de
Candida a azoles. A vigilancia rotineira da resisténcia antimicrobiana e a avaliagéo
prospectiva de novos protocolos terapéuticos baseados nos padrdes locais de
susceptibilidade poderiam ser Uteis para uma utilizacdo mais rigorosa dos

antimicrobianos neste hospital.
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No que diz respeito ao segundo objectivo, o efeito antibiofilme do nitrato de
cerio, QBPM e hamamelitanino foi avaliado em estirpes de S. epidermidis, S. aureus, A.
baumannii e C. albicans. A formacgdo de biofilme foi avaliada em segmentos de
cateteres de poliuretano e a actividade metabdlica foi quantificada por colorimetria. O
nitrato de cério e 0 QBPM demonstraram um efeito microbicida sobre todas as estirpes
testadas. Adicionalmente, em concentra¢fes subinibitorias, os cateteres tratados com
nitrato de cério demonstraram eficacia sobre a formac&o de biofilme por C. albicans; os
cateteres tratados com QBPM inibiram o biofilme de S. epidermidis e C. albicans; e o0s
cateteres tratados com hamamelitanino inibiram a formacéo de biofilme por todas as
bactérias testadas, tendo, pela primeira vez, sido demonstrada a eficacia do
hamamelitanino contra a formacéo de biofilme por A. baumannii.

Finalmente, atendendo aos resultados promissores obtidos até entdo, foram
utilizados segmentos de cateteres tratados com 0s mesmos compostos in vivo. O efeito
antibiofilme do nitrato de cério, QBPM e hamamelitanino foi avaliado em
concentracfes subinibitdrias num modelo animal de infeccdo de corpo estranho. A
formacdo de biofilme foi avaliada por dois ensaios distintos de colorimetria e por
microscopia electronica de varrimento. Os resultados foram sobreponiveis aos
observados in vitro.

Em resumo, ficou demonstrado que o nitrato de cério, o QBPM e o
hamamelitanino podem representar excelentes alternativas para o desenvolvimento de
CVCs biocompativeis e com maior eficacia na reducdo da taxa de infeccdo relacionada

com a sua utilizagdo, comparativamente as op¢des disponiveis no mercado.
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Colonization of central venous
catheters in intensive care
patients: A 1-year survey in a
Portuguese university hospital

To the Editor:

Patients admitted at intensive care units (ICUs) often
reguire central venous catheterization. Catheter coloni-
zation may lead to bacteremia and, eventually, end up
as a catheter-related bloodstream infection.' To review
the etiology and antimicrobial susceptibility pattern of
central venous catheter (CVC) isolates from ICU pa-
tients, a retrospective study of the clinical database of
Hospital of S. Jodo, in Porto, was performed during a
12-month period. All positive results from the culture
of distal tips of CVCs removed from ICU patients and
antimicrobial susceptibility pattern of isolates were
reviewed.

From 1482 cultures of CVC distal tips performed
during the study period, 647 positive results (43.7%)
were found. As  expected?® coagulase-negative
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staphylococci (54.7%), mainly Staphylococcus epider-
midis (40.2 %), were the most common isolates, 5 au-
reus (12.8%), Enterobacteriaceae (8.6%), Candida spp
(7.0%), Pseudomonas aeruginosa (6.2%), enterococci
4.8%) and Acinetobacter baumannii (2.8%) followed
in the ranking. Of major concern was the resistance
rate of 5§ aureus to methicilin (80 %), of Enferococcus
Jfaedum to vancomycin (85.7%), of P aeruginosa to
meropenem (34.8%) and imipenem 652 %) and of A
bawmannii to both carbapenems (94.4%).*7 Interest-
ingly, no resistance to azole antifungals (fluconazole,
itraconazole voriconazole, posaconazole) was detected
among the low number of tested Candida isolates
in = 35), in accordance with previous ﬁm:lingﬁ.*a This
fact might result from the limited exposure to antifun-
gal agents in this hospital because no antifungal pro-
phylactic treatment is routinely prescribed to such
patients.

Globally, the etiology of CVC colonization in ICU pa-
tienits was similar to international available data. How-
ever, higher levels of antimicrobial resistance were
found for § aureus, E faecium, P aeruginosa and A bau-
rmummnii isolates. Routine surveillance for resistance pat-
terns and the prospective evaluation of new
therapeutic protocols might be highly advisable in
such setting.
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Objectives: The colonization of indweling medical devices and subsequent biofilm formation represents a
global challenge since it pramotes the persistence of infection and contributes to antirnicrobial resistance.
The airn of this study was to determine the antimicrobial activity of cerium, chitosan and hamarnelitannin
against usual microbial colonizers and to assess their efficacy regarding biofilm formation on polyurethane
{PUR)-like catheters.

Methods: The antirnicrobial and arti-biafilm effect of cerium nitrate, low molecular weight chitosan (LMWC)
and harmarmelitannin was tested against Stophylococcus epidermids, Stophyococeus oureus, Adnetobacter
baumannii and Candida albicans strains. Biofilrn forrnation was assessed with PUR-like catheter segments
and the metabalic activity was quantified by colorirmetry with a tetrazolium reduction assay.

Results: Cerium nitrate and LMWC inhibited the rmicrobial growth of all micrabial strains tested; hamarnelitan-
nin showed na inhibition. Regarding biofilm formation on PUR-like catheters, with subinhibitory concentrations:
ceriurn nitrate significantly inhibited the metabolic activity of C. albicans; LMWC reduced the metabalic activity
of 5. epiderrmidis and C. albicans; and hamarmelitannin decreased the metabalic activity of all tested bacteria,
but not of yeasts.

Conclusions: The micrabicidal activity of cerium nitrate and LMWC was clearly demonstrated in this study, as
was their fungistatic effect at lower concentrations. Hamameltannin sigrificantly reduced biofiim metabolic
activity of all tested bacteria. These microbial inhibitors may play a promising role regarding different

biomedical applications.

Keywords: catheter-related bloodstream infections, central venous catheters, S, epidermidis, 5. aureus, A. baurnannii, C. albicans,

cerium nitrate, low molecular weight chitosan, harmamelitannin

Introduction

The colonization of medical indwelling devices through rmicrobial
adhesion and subsequent biofilm formation may precede bacter-
aermia and sepsis in critically ill patients. Catheter-related blood-
strearn infections (CRBSIS) have been shown to result in longer
haspital stays, increased costs and martality. Staphylococcus
epidermidis, Staphylococcus aureus, Acinetobocter baurmannii
and Candida albicans are among the most frequently isolated
rnicroorganisms from central venous catheters (QVCs)” Prevent-
ive methods have been suggested to reduce the incidence of
CRBSIs, such as the coating of catheters with antibiotics or anti-
seplics.? Nevertheless, more effective and less toxic aiternatives
waould be highly desirable.

Cerium is a rare earth element belonging to the lanthanide
group. Ceriurn nitrate has been in use for a long time in the
ranagernent of burns. Tts direct antiricrobial praperties remain
controversial,” but the uptake of cerium into the cytoplasm with
inhibition of celiular respiration, inhibition of glucose rmetabalism
and disruption of the cell membrane have been the postulated
rechanisms.

Chitasans are polyaminasaccharides obtained by deacetyla-
tian of naturally occurring chitin, with biocompatibility. Chitosans
are being investigated for their broad spectrurm of antimicrobial
aclivity, which has been explained by (i) cell wall leakage by
ionic surfoce interaction or by teichoic acid binding and extra-
ction of membrane lipids, (i) mRNA and protein synthesis

@ The Author 2012. Published by Oxford University Press on behalf of the British Sodety for Antimicrobial Chemotherapy. All rights reserved.
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inhibition and (i) suppression of micmhiﬂlgmwth through exter-
nal barrier farrmation and metal chelation.”

Hamamelitannin is a naturally occurring polyphenol extrocted
fraom the bark of Hamamelis virginiona that belongs to the
family of tannins. It is the ester of oc-hamamelose (2-hydroxy-
methyl-o-ribose) with two molecules of gallic acid. Hamameli-
tannin seerms to prevent graft-ossociated infections caused by
the staphylococd tested so far (including methicilin-resistant
5. oureus and S. epidermidis) by inhibiting the quorum sensing
system of such bacteria, thereby reducing their virulence.®

The aim of this study was to determine the antimicrobial
activity of cerium nitrate, low molecular weight chitosan
(LMWC) and hamarmelitannin against microbial strains usually
imolved in CRBSIs and to test their efficacy regarding biofilm
formation on polyurethane (PUR)Hike catheters.

Materials and methods

Chemicals

Cerium nitrote [cerium(IIT) nitrate hexahydrote; Sigma-Aldrich], LMWC
(107 kDa, 75%-B85% deacyloted; Sigma-Aldrich; stock solution of
4.0x10*mg/L prepared in 1% acetic acid, pH 4.0) and hamamelitannin
[hamamalofuranose 2°,5-digallote, 2-C-fhydmxymathyl}-o-ribofuranose
2", 5-digallate; Sigma-Aldrich] were used in the expariments.

Microbial strains

A type strain and a clinical isolote of each of four microbial species were
used. The type strains from the ATCC were S. aureus ATCC 29213, 5. api-
demmnidis ATCC 155, A baumanni ATCC 19606 and C alhicans ATCC 90028.
The clinical strains of 5. aureus (SA1), 5. epidermidis (SE1), A. baumannii
(4B1) and C albicans (CAl) had been previously isolated from cultures
of CVCs removed from critical care patients. All diinical isclates had
been identified by the Vitek systam (bioMéreux, Vercieux, France).

Antimicrobial activity

The MICs of chemicals were determined according to the CLST microdilu-
tion reference protocol MO7-AB for bacteria and protocol M27-A3% for
yeasts The tested concentrations mnged frem S5.4x10° to
3.3%10° mg/L for cerum nitrate, 10x10° to 1.6x10° mg/L for LMWC
and 100 to 10mg/L for hamamelitannin. The MIC endpoint was
defined as the lowest dug concentration that completely inhibited the
growth of micreorganisms in micredilution wells.

To determine the minimal lethal concentration (MLC), 20wl of each
micradilution well was plated in Lurio-Bertani (LB) agar (for bacteria) or
Sabouraud agar (for yeasts). The plates were incubated ot 37°C for
24 h (bacterial strains) or 35°C for 48 h (yeast strains) with subsequent
enurmeration of cfu. The MLC was defined as the lowest drug concentra-
tion that killed at least 95.9% of the final inoculum.

Biofilm formation on PUR-like catheters

The strins were grown ovemight and cells were harvested by centrifuga-
tion, washed with PES and stondardized to 1107 cells'mLin LB broth for
bacteria and 1x10° cells/mL in RPMI (Sigma-Aldrich) for yeasts. The anti-
biofilm effect of the different test compounds was evaluated in the pres-
ence of four concentrations of cerium nitrate (1.7x10%, 1.3x10%,
6.5x10° and 3.3x10°mg/) and three of hamamelitannin (100, 80
and 50mgiL). Regarding LMWC, concentrations tested were 625, 160
and 78 mg/L for bacteria and 1.0x10% 5.0x10° and 625mgiL for
yeasts. One single fragment of PURHike introvenous catheters (BD

Vialon™ 16G, 1.7 x45 mm), with 1 cm length, was placed in each wall
of 12-well microplates, containing 1 mL of the standardized microbial
SUSPENSIonS.

After incubation (24 h for bacteria and 24 and 48h for yeasts), at
37°C, catheter fragments were remaoved, gently washed with PBS and
placed in new microplates to assess the biofilm metabolic activity with
XTT, as previously described? All the ossoys were performed in triplicote.

Data analysis

Biofilm metabaolic activity in the presence of cerium nitrate, LMWC and
hamamelitannin was expressed as the percentage in melation to the
control. Values were divided by 1000 and arcsine square root trans-
formed to achieve a normal distdbution and homescedasticity. For
each compound, each concentration and each microorganism, biofilm
formation was compared by one-way ANOWA, followed by a Dunnett’s
test to identify significant effects; a P value <0.05 was considered
significant.

Results

Antimicrobial activity

Cerium nitrate MICs ranged between 3.3x10% and 1.3x107 ma/L
for bacterial strains. For yeasts, concentrations up to 2.6:<10° mg/L
were needed. Globally, MLCs corresponded to =2« the MICs far
all microbial species (Table 1).

For LMWC, MICs ranged between 1.6:10% and 3.1x107 mg/L
for all bacteria. A higher coneentration {1.0=10%mag/L) was
needed to inhibit C albicans growth. The MLCs were nearly =2
the MICs for all bacterial species. The MLC and MIC were the
sarme for C albicans (Table 1).

Hamamelitannin resuited in no inhibition of microbial growth,
at concentrations ranging from 10 to 100 mg/L.

Biofilm fermation on PUR-like catheters

Cerium nitrate, at a concentration of 1.7:10% mg/L, reduced the
mean biofilm metabolic activity of C. albicans (24 h) by 58.9%
(£7.4%) and of C albicans (48 h) by 59.14% (+13.0%). No

Table 1. MICs and MLCs of cerium nitrate and LMWC

MIC MLC
cerium cerium
nitrate LMW nitrate LMWC
(mgiL) {mgiL) (mg/L) (mgiL)
Bacterial strains
S. aureus (SA1) 3.3x10°  16x10°  S4x10°  3.1x10°
S. aureus ATCC 3.3x10°  16x10°  2.6x10°  1.25x10°
S epidermidis (SE1)  1.3x10°  16x10¢  2.6x10°  3.1x10°
S epidermidis ATCC  6.5x10° 16x10°  26x10°  63x10°
A baumanni (AB1)  1.3x10°  1.6x10°  S5.4x10°  2.5x10°
A baumannil ATCC 1.3x10° 31107 S5.4x10° 1.25x10°
Yeast strains
C. albicans (CA1) 26%10°  1.0x10°  S4x10°  1.0x10°
C. albicans ATCC 26%10°  1.0x10°  S4x10°  1.0x10°
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Cerium, chitosan and harmamelitannin as novel biofilm inhibitors?
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Figure 1. Effect of cerium nitrate (a, b and c), LMWC (d, e and f) and hamamaelitannin (g, h and i) on biofilm formation (os a percentage of the control)
by Gram-positive cocdl, Gram-negotive bacteria and yeosts (ot 24 and 48 h). Differances between control and antimicrobial groups were statistically
significant (P<0.01).
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relevant biofilm inhibition was found for bacterial strains with
cerium nitrate at concentrations lower than the MLC (Figure 1q,
b and c).

LMWC, at a concentration of 78 mg/L, reduced the biofilm
metabolic activity of S epidermidis by 80.46% (+0.0%)
(Figure 1d). At a concentration of 5.0%10% mail, LMWC
reduced C albicans biofilm metabalic activity at 24 h by 87.5%
(+0.0%) and at 48 h by 90.06% (+0.0%) (Figure 1f). However, in-
consistent results were found with A. boumannii and 5. aureus
(Figure 1d and e).

Hamarnelitannin, at a concentration of 100 mg/L, decreased
significantly the mean biofilm rmetabolic activity of 5. aureus by
23.0% (+10.7%), of 5. epidermids by 42.2% (+3.78%) and of
A baumanni by 31.8% (+0.88%) (Figure 1g and h). Inconclusive
results were found with C albicons strains at 24 and 48 h
(Figure 1i).

Discussion

A review conducted by Garner and Heppell.* gathered informa-
tion on the bacteriostatic effect of ceriurm nitrate against a
panel of bacteria. Our study not only adds to this effect, but
also docurments ureguivocally the microbicidal effect of cerium
nitrate against bacterio and yeasts. This might be quite useful
in medical applications because toxicity is rare with lanthanides.

Concerning cerium nitrate micrabial growth inhibition, our
results indicate MICs for 5. aureus similar to previous descrip-
tions,* while deterrmining for the first tirme MICs for 5. epiderrmi-
dis, A bourmanni and C. albicans. Furthermore, the so far
unclear cerium nitrate microbicidal effect was docurnented and
MLCs were established. At lower concentrations, cerium nitrate
was only effective against C. albicans biofilm.

The broad spectrurn of antimicrobial activity of chitosans
depends on several factors, including the molecular m.weight.“J
Howewer, inconclusive data regarding the actual efficacy of
LMWC is available,

Although there is a tendency in the literature to characterize
chitosans as bacteriostatic and fungistatic, as stated by Goy
et al® in 2009, our results suggest unequivocally that LMWC
107 kDa exhibits a rmicrabicidal effect (Table 1). At subinhibitory
concentrations, a significant reduction of the biofilm metabolic
activity was only found for 5. epiderrmidis and C albicans.

Hamamelitannin produced no inhibition of micrabial growth,
as expected. However, regarding the experiments on PUR-like
catheter segments, inhibition of the biofilm metabolic activity
was found at a concentration of 100 ma/L for all tested bacteria.
The inhibition of the quorum sensing systern of Grarm-positive
bacteria, such as 5. ourews and 5. epidermnids, has already
been docurnented by Kiran et al® in 2008, The biofim inhibitory
effect upon a Gram-negative bacteriurm was originally described
by our study. A. bournanni is a conspicuous pathogen usually
related to multiresistance to antimicrobials in intensive care
patients.

MNowadays, medical device colonization constitutes a global
threat that may contribute to antimicrobial resistance. The
rnicrabicidal effect of cerium nitrate and LMWC upon usual OWC
colonizers was cleary demanstrated. Moreover, at lower concen-
trations, both were found to be fungistatic. Harmamelitannin
inhibited the biofilm metabolic activity of all tested bacteria:
for A. baurnanni, this effect was an original deseription. Further
studies are being conducted in order to darify the mechanism
of biofilm inhibition and the endovascular biocarmpatibility of
these inhibitars, which may play a promising role in future
biomedical applications.
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Objectives: Catheter-related bloodstrearn infections (CRBSIs) are comman healthcare-assaciated infections
associated with increased marbidity and medical costs. Antiseptic- and antibiotic-coated central venous cathe-
ters (CVCs) have been proposed to reduce the incidence of CRBSIs, with variable success, The airm of this study
was to determine the in vivo antibiofilrm activity of biocompatible and inexpensive compounds, such as ceriurm
nitrate, chitosan and hamarnelitannin, against usual agents of CRBSIs.

Methods: The antibiofiim effect of ceriurm nitrate, chitosan and hamarmelitannin was tested against
Staphyococcus epidermids, Staphylococeus aureus, Acinetobocter baurmannii and Candida albicans in a
maouse foreign body infection model, using polyurethane catheter segments. Biofilm formation was assessed
with a crystal violet assay to quantify the total biormass, with a tetrzelium reduction assay to quantify the
metabolic activity and with scanning electron microscopy.

Results: Al subinhibitory concentrations, cerium nitrate sigrificantly reduced biofilm formation by C. albicans,
chitosan significantly decreased biofilm formation by 5. epidermidis and C. albicans, and harmamelitannin sig-
nificantly inhibited all bacterial biofilrms.

Discussion: The in wivo antibiofirm effect of cerium nitrate against C. atbicans and of chitosan against C. albicans
and 5. epidermidis, at subinhibitory concentrations, makes them pramising alternatives to coat CVCs. Moreover,
the microbicidal effect on awider range of CVC colonizers was previously reported invitro for both cormpounds,
at higher concentrations. For all bacterial strains, the highest in vivo antibicfilm efficacy was achieved with

harmamelitannin. For A, bourmanni, this is the first report of in wvo inhibition.

Keywords: nosocormial infections, biofilm inhibition, CRBSIs

Introduction

Catheter-related bloodstream infections (CRBSIs) are common
hedthcare-ossociated  infections  associated with  increased
morbidity, hospital stay and medical costs.' Antiseptic- and
antibioticcoated central venous catheters (CVCs) have been pra-
posed to reduce the incidence of CRBSIs; catheters impregnated
with chlorhexidine-sitver sulfodiazine appear to be effective in
reducing colonization and infection, but hypersensitivity reac-
tions hove been documented,” silver-impregnated catheters
are not associated with a lower rate of colonization® and,
despite catheters coated with minogyeling and rifampicin signifi-
cantly decreasing the incidence of CRBSIs, some concern may
still exist regarding the development of antimicrobial resistance.”
Therefore, additional strategies are being developed in order to
reduce CVC colonization.

Among promising compounds, cerium nitrate, extensively
used in the management of burn patients, has been shown to
exhibit antimicrobial activity.® Chitosans are hydmophilic biopaly-
mers obtained by N-deacetylation of chitin, with a proven anti-
micrabial effect.” Moreover, microbicidal activity was recently
demanstrated for low molecular weight chitosan (LMWO).®
Hamamelitannin is a polyphenol extracted from the bark
of Hamamelis virginiang, and belongs to the family of tannins.
In addition to inhibiting device-associated infections in wvo
caused by Gram-positive baocteria” in vitro activity against
Adnetobacter baurmnannii has been documented.®

Oweradll, cerium nitrate, LMWC and hamamelitannin are bio-
compatible and relatively inexpensive cormpounds, displaying a
wide range of antirmicrobial activity. In order to determine their
in vivo antibiofilm activity against the usual agents of CRBSIS,
such as Staphylococcus epidermnidis, Staphyococous aureus,

&y The Author 2012. Published by Oxford University Press on beholf of the British Sodety for Antimicrobiol Chemotheraopy. All rights reserved.
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AL baurmannii and Candida albicans, palyurethane catheter seg-
ments were used in a mouse foreign body infection model

Materials and methods

Chemicals

Cerium nitrate [ceium{IID) nitrote hexahydrate; Sigma- Aldrich, Schnell-
dorf, Germanyl, chitoson [LMWC 107 kDa, 75%-85% deacylated;
Sigma-Aldrich, St Quentin Fallovier, France; stock solution of 4% (w/v)
prepared in 1% acetic acid, pH 4.0)] and hamamelitannin [hamamelofur-
anose 2°,5-digallate, 2-C-(hydroxymethyl}-o-bofuranose 2/,5-digallate;
Sigma-Aldrich] were used in the experiments.

Microbial strains and inoculum preparation

Four type strains from the ATCC were used: 5 aureus ATCC 29213,
S. epidemnidis ATCC 155, A baumanni ATCC 19606 and C. albicans
ATCC 90028.

Until testing, bacterial stroins were kept frozen at —70°C in Luria
Bertani (LB) broth (Difco Labortories, Detroit, MI, USA) supplementad
with 20% glycerol and yeast stmins in yeast potato dextrose (YPD)
broth (Difco Laboratories) supplementad with 40% glycerol. For each ax-
periment, the microorganisms were previousty subcultured twice on LB
agar at 37°C for 24 h for bacteria or Sobouraud agar (Difco Loboratories)
at 35°C for 24 h for yeasts to assess the viability and purity of the culture.

For the inoculum preparation, the microbial strains were grown over-
night in LB broth (bacterda) or Sabouraud broth (yeast) ot 37°C and
180rpm; cells were harvested by centrfugation (10000 g, 10 min),
washed with PBS, counted in a Mewbouer chamber and the concentration
was standardized to 1x 107 cells/mL for bacteria and 1x10° cells/ml for
yeasts, in FBS.

Polyurethane catheter implantation procedure

A mouse subcutaneous foreign body infection model as described by
Rupp et al? wos used, with slight modifications. Eight-week-old
pathogen-free female BALB/c mice (Chores River) weighing 20 g were
used. Animals were housed in accordance with the Federation of Eum-
pean laboratory Animal Science Associations (FELASA) criteria. Animal
experiments were approved by the Animal Ethics Committee of the
Faculty of Medicine, University of Porto.

Prior to catheter implantation, mice were anoesthetized by intraperi-
toneal injection (1 mg/kg) of a mixture of xylazine (20 mg/mL) and keta-
mine (100mg/mL) in a ratio of 1:2 (wv) and the lower back of each
animal wos showed with a hair clipper and disinfected with 0.5%
chilorhaxidine in 70% alcohol. A 2 mm incision was made longitudinally
and the subcutis was dissected. Using an aseptic technique, six 1om
segment polyurethane intravenous catheters (BD Vialan™ 166G,
1.7x45 mm, Becton Dickinson and Company, Canada) were implanted
into the subcutanecus space. Before implantation, catheters were
soaked for 24 h with cefium nitrate, hamamelitannin or LMWC at con-
centrations coresponding to previously determined MIC, 0.5x MIC and
0.25x MIC for each species.” Cotheters incubated in plain PBS were
used as a positive control. Five animals were used for each experimental
condition. Thereafter, 300 pl of each standardized microbial suspension
or of PBS control was injected into the pockets. The incision was closed
with a monofilament suture and disinfected with 0.5% chlorhexidine in
70% alcohol. At day 7, the animaks were socrificed, the catheters were
aseptically removed and biofilm was quantified spectrophatometrically
by two different methodologies: XTT assay, measuring the biofilm meta-
bolic activity at 492 nm; and crystal viclet (CV) assay, measuing the
biofilm total bismass at 580 nm.?

Scanning electron microscopy

Catheters were washed in PBS, sectioned lengthwise and fixed overnight
(4% formaldehyde and 1% glutarakdehyde wv in PBS). The somples were
rinsed in PBS and air dried in desiccators. 'Y Samples wene coated with
gold/palladium (50%/60%) ond cbserved in CEMUP (Materiols Centre of
the University of Porto) using a scanning electron microscope (JEOL
J5M 630 1F/Oxford INCA Energy 350) in high-vacuum maode at 15 kv,

Data analysis

Biofilm metabolic activity and total biomass formed in the presence of
cerium nitrate, LMWC and hamamelitannin were expressed as the per-
centage in relotion to the control Volues ware divided by 1000 and
arcsine square root transformed to ochieve nomnal distribution and
homascedasticity. For each compound, each concentration and each
microorganism, biofilm formation was compared by one-way ANOWA,
followed by a Dunnett’s test to identify significant effects; P<<0105 was
considered significant.

Results

Ceriumn nitrate, at a concentration of 6.5x10% majL, significantly
reduced the biofilm metabolic activity of 5. epidermidis by 48.3%
{+124%) and its total biomass by 37.0% (+8.9%) (Figure 1a).
For C. albicans and at 1.3x10° mg/L, cerium nitrate inhibited
the metabalic activity by 66.4% (+7.7%) and the biomass by
28.0% (+4.3%) (Figure 1b).

LMWC, at 80 mg/L, significantly decreased the biofilrm meta-
bolic activity of 5. epidermidis by 57.6% (+14.3%) and its total
biomass by 41.3% (£5.6%) (Figure 1c). Concerning C. albicans,
at 25:x 10 mg/L, inhibitions of the metabolic activity by 43.5%
{+16.6) and of the total biormass by 23.2% (+£13.7) (Figure 1d)
were found

Hamarmelitannin significantly reduced all bacterial biofilms at
subinhibitory concentrations: at 50 ma/L, 5. aureus biofim meta-
bolic activity decreased by 59.3% (419.1%) and its total biomass
by 48.4% (+8.0%) (Figure 1e); at the same concentration, 5. epi-
dermidis biofim metabolic activity was reduced by 36.3%
(+12.4%) and its total biomass by 34.6% (+£6.9%) (Figure 1f),
and at 30 mg/L, hamarmelitannin inhibited A, boumanni biofilrn
metabolic activity by 36.7% (+3.4%) and its total biomass by
31.6% (£9.2%) (Figure 1q).

At other subinhibitory concentrations, no significant biofilm
inhibition was found for the tested microbiol strains (data not
shown).

In order to support the biofilm quantification by XTT and CV
assays, scanring electron microscopic examination was used
to determine the architectural differences between biofilms. Un-
treated biofilms (Figure 2a, b, i, j, m, n, g and 1) cormprised a more
dense network of rmicrobial cells and exopolymeric matrix than
treated biofilms (Figure Ze-h, k, 1, o, p and s-v).

Discussion

In the long quest aiming to prevent medical device-related infec-
tions in a mare effective way, many different strategies have
been praposed. Until now, this objective remains Lo be achieved
Cerium nitrate, LMWC and harmamelitannin are biocompatible
and relatively inexpensive compounds that could be used to
coat CVCs and other medical devices. Differences in their
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Figure 1. Effect of cerium nitrate (a and b}, LMWC (c and d) and hamamelitannin (e, f and g) on biofim formation by S. epidermidis (a, ¢ and f),

5. guna
was used to measure the total biomass. *P<0.05.

mechanisms of action might explain the pattern of antimicrobicl
activity; whereas ceriurm nitrate and LMWC may disrupt the cell
mermbrane,®'* hamamelitannin seems to inhibit bacterial cel
communication.” The microbicidal effect of cerium nitrate and
LMWC upon usual OVC colonizers was previously shown in vitro,
as was the antibiofilr ucLiuiLyur harmarmelitannin on palyreth-
ane catheter segments.® However, in vivo experiments with sub-
inhibitory concentrations of the compounds were still required,
as the results abtained under in vitro conditions do not

us (), A. baumannii (g and C albicans (b and d). The XTT assay was used to determine the biofilm metabolic activity and the CV assay

account for the interaction between the host cells,
systern and biofilm.

Garner and Heppell,'* studying the action of cerium ritrate on
the treatment of severe burns, reported that it has imited anti-
microbial properties. Howewer, minimal lethal concentrations
{MLCs) and MICs hcn.-e been published rmare recently for both
bacteria and yeasts.® In vivo, at subinhibitory concentrations,
ceriurn nitrate exhibited an antibiofim  effect only against
C. albicans. Such a selective finding should not preclude its

immune
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Figure 2. Scanning electron microscopic (SEM) examination of untreated biofilms of S. epidemmidis (a and b), S. aureus (i and j), A. baumannii (m and n)
and C. albicans (q and r). SEM examination of S. epidermidis biofilms treated with cerium nitrate at 6.5x10° mg/L (c and d), LMWC ot 80 mg/L (e and f)
and hamamelitannin ot 50 mg/L (g and h), S. aureus biofilms treated with hamamelitannin at 50 mg/L (k and 1), A. baumannii biofims treated
with hamamelitannin at 30 mg/L (o and p) and C. alhicans biofilms treated with cerium nitrate at 1.3x10°mg/L (s and t) and LMWC at
2.5x10°mg/L (u and v).
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biomedical applicability since in medical burn wound care it is
used routinely as an effective antiseptic, at ruch higher concen-
trations and with no known toxicity. In addition, Candida organ-
isms are important pathogens causing CRBSIs.

The ricrobicidal activity of LMWC against usual CVC coloni-
zers has already been docurnented in vitro® Using an in vivo
CWC model, Martinez et al.'? demanstrated the efficacy of chito-
san against Candida species biofilms. Our study not only supparts
these findings concerning C. albicans, at subinhibitory concentra-
tions of chitosan, but further documents the antibiofilm efficacy
against 5. epidermids, a maore frequent CVC colonizer. ™ Given
the known biocormpatibility of chitosan, prornising results could
be achieved in the prevention of CRBSIs by o wider range of
ricrabial colonizers if higher concentrations were used for treat-
ing the surface of Vs,

At subinhibitary concentrations, the highest antibiofilm effi-
cacy was obtained with harmamelitanning a reduction in the
metabolic activity and total biormass was docurnented for
5 ourews, 5 epdermidis and A boumanni. This is the first
report of in vivo biofilrm inhibition for A. baumanni. Moreaver,
the antibiofitm efficacy was achieved at lower concentrations
than expected considering the previous in vitro results for ai
the tested bacteria, a fact that may be attributable to differences
in environmental conditions. In the case of staphylococci, Kiran
et al.” attributed such variation to the specific quorum-sensing
inhibitor effect of hamarmelitannin. For pre-socked graofts, the
sarme authors reported no signs of staphylococeal infection in
vivo with hamamelitannin concentrations of 30 mg/l, but the
present study found a stotistically significant reduction in
biafilrm formation by no mare than ~50%, even ab 100 mgL.
Monetheless, harmarmelitannin may be an excellent compound
to coat medical devices given its bacterial range of biofim
inhibition.

A mare durable coating strategy for cerium nitrate, chitosan
and harmarmelitannin and their further testing with a O/C
rmaodel in vivo is the next step in the path to develop a more cost-
effective and biocompatible catheter that can prevent CRBSIs
maore effectively than the current alternatives.
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Abstract

Candida albicans is a frequent agent of catheter-related bloodstream infections, which increase the time
of hospitalization and related medical costs. In order to find new strategies to reduce the colonization of
C. albicans on indwelling medical devices, this research aimed to determine the antibiofilm effect of
cerium nitrate.

XTT and crystal violet assays were used to quantify biofilms challenged with cerium nitrate. Two strains
of Candida albicans were used, grown on polystyrene surfaces.

Concerning the biofilm metabolic activity of C. albicans, cerium nitrate at 6.5x10"mg/L inhibited
significantly both strains. Referring to the total biomass, cerium nitrate at a considerably lower
concentration (0.8x10’mg/L) inhibited both strains of C. albicans.

The fact that cerium nitrate inhibited more effectively the total biomass production than the metabolic
activity of the yeast. at subinhibitory concentrations, may be explained by interference with extracellular
matrix production or with intercellular communication. Whichever might be the case, cerium nitrate has a
potent antibiofilm effect upon C. albicans and deserves further attention in strategies that could lower
microbial colonization of indwelling medical devices.

Key words: Biofilin, cerium nitrate, Candida albicans.

Introduction (Pranab et al.., 2004). Despite antifungal
therapy. the persistence of fungi was noticed.
Among bloodstream infections caused by

Candida species, C. albicans is the most Therefore, new agents that could inhibit biofilm
frequent isolate, being associated with a high formation would be highly desirable. Cerium is
mortality rate. As a whole, C. albicans stands on a rare earth element of the lanthanide group and
as the fourth leading cause of catheter-related cerilum nitrate is currently used in the
bloodstream infections (CRBSIs) (Polderman ef management of burn wounds, with a reduction
al., 2002; Cobrado ef al., 2010). which increase in patient morbidity and mortality (Garner ef al..
the time of hospitalization and related medical 2005). Cerium nitrate was reported to reduce the
costs (Orsi ef al., 2002; Tamura ef al., 2003). activity of microbial pathogens due to their
action at different cellular targets (Dwight ef al..
Data from Mah and Toole, 2001, show that over 1967).
65% of hospital infections are originated from
biofilm forming organisms. A major concern The aim of this research was to determine the
when biofilms develop is the emergence of antibiofilm effect of cerium nitrate upon
microbial strains resistant to the host immune Candida  albicans, a  frequent microbial
system and to antimicrobial therapy (Kiran ef colonizer of indwelling medical devices like
al., 2008). A correlation between Candida spp. central venous catheters (CVCs).

biofilm  formation and  resistance  to
antimicrobial agents was already documented
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Materials and methods
Microbial strains and chemicals

C. albicans ATCC 90028 (from the American
Type Culture Collections) and a clinical isolate
(from a CVC removed from a critical care
patient admitted at Hospital S. Jodo, Porto,
Portugal) were used. The clinical isolate had
been identified by Vitek® System (bioMérieux,
Vercieux. France).

Yeast strains were kept frozen in yeast potato
dextrose medium (YPD) (Difco Laboratories)
supplemented with 40% glycerol, at -70°C, until
testing. For each experiment, the
microorganisms were subcultured twice on
Sabouraud agar, at 35°C. for 24 h (Difco
Laboratories) to assess the purity of the culture
and its viability.

The chemical used in the experiments was
cerium nitrate [cerium (III) nitrate hexahydrate,
Sigma-Aldrich].

Biofilm formation
Inoculum preparation

Yeast cells were grown for 18 h in Sabouraud
broth at 35°C, at 180 rpm. Afterwards. cells
were washed in PBS, ressuspended in RPMI
and adjusted to 0.5 McFarland density in order
to achieve 10° cells/mL.

Biofilm growth with cerinm nitrate

The effect upon biofilm formation was tested
with four subinhibitory concentrations of cerium
nitrate (6.5x10° mg/L., 3.3x107 mg/L, 1.7x10°
mg/L and 0.8x10" mg/L), which were selected
based on the results obtained from C. albicans
growth  experiments (minimal inhibitory
concentration of 2.6x10° mg/L, as described by
Cobrado ef al.. 2012). Each concentration was
added to 12-well polystyrene microtiter plates
containing the inoculum in order to obtain a
final volume of 1 mL. In order to obtain biofilm
formation, Candida cells were incubated for 24
hat 37°C.

Biofilin quantification
Metabolic activity of biofilm cells - XTT Assay

A XTT reduction assay was used to determine
the in situ biofilm metabolic activity. After
biofilm formation, supernatants were removed
from the plates and 1 mL of PBS buffer was
added and gently mixed. Following PBS
rejection, 1 mL of XTT [2,3-bis (2Zmethoxy-4-
nitro-5sulfophenyl)-2H-tetrazolium-5-
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carboxanilide] solution was added to each
prewashed biofilm and control wells. Plates
were further incubated for 5 h at 37°C, in the
dark, and finally the optical density (OD) was
measured at 492 nm. The XTT solution was
prepared in PBS (4 mg XTT in 10 mL
prewarmed at 37°C): this solution was
supplemented with menadione prepared in
acetone. All the assays were performed in
triplicate.

Biomass formation of biofilm cells - Crystal
Violet Assay

Biofilm fixation was performed with 1 ml 99%
methanol (15 min), after which supernatants
were removed and the plates air-dried.
Afterwards, 1 ml of a ecrystal violet (CV)
solution (0.02%: v/v) was added to each well;
following 20 min, the excess of CV was
removed by washing the plates twice with
distilled water. Finally, bound CV was released
by adding 1.5 ml of acetic acid (33%: v/v). The
optical density (OD) was measured at 590 nm.
All the assays were performed in triplicate.

Data analysis

Biofilm metabolic activity and total biomass
with cerium nitrate were expressed as the
percentage in relation to the control. Values
were divided by 1000 and arcsine square root
transformed to achieve normal distribution and
homoscedasticity (Zar. 1996). For each
concentration and each strain, biofilm formation
was compared by one-way ANOVA, followed
by a Dunnett's test to identify significant effects.
P value< 0.05 was considered significant.

Results

Biofilm formation on polystyrene plates

Concerning the biofilm metabolic activity of C.
albicans, cerium nitrate at 6.5x10° mg/L
inhibited significantly the clinical strain by 36%
(£12) and the ATCC strain by 28% (£4) (Figure
1. A).

Referring to the total biomass of C. albicans,
cerium nitrate at 0.8x10° mgL inhibited
significantly the clinical strain by 81% (£11)
and the ATCC strain by 50% (+4) (Figure 1. B).
Doubling the concentration of cerium nitrate to
1.6x10> mg/L. there was a reduction in the total
biomass of the clinical strain by 87% (+11) and
of the ATCC strain by 80% (£5) (Figure 1. B).
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Figure 1. Effect of cerium nitrate on metabolic activity (A) and total biomass (B) (as a percentage of the
control) by Candida albicans clinical strain (CA) and ATCC strain. (*) P value <0.05.

Discussion

The frequent use of indwelling devices in
medical care makes patients more prone to
develop biofilm-related infections, with a
negative impact on the clinical outcome and
hospital costs. The ability of nosocomial
pathogens such as C. albicans to form biofilms
is clinically relevant, since their formation
impairs the efficacy of antimicrobial therapy
(Donlan and Costerton, 2002). Therefore, it is
crucial to find new modes of prevention and
effective alternatives to antimicrobial treatment.

Cerium nitrate is thought to enter the cytoplasm
of microorganisms and inhibit cellular
respiration, glucose metabolism and. eventually,
induce disruption of the cell membrane (Dwight
et al., 1967). According to the results of Garner
el al., 2005, cerium nitrate exhibits a
bacteriostactic effect, but further testing
demonstrated a microbicidal effect against a
wide range of microbial pathogens (Cobrado ef

al., 2012). Moreover, a potent antibiofilm
activity against C. albicans grown on
polyurethane catheter segments was

documented with concentrations lower than
MIC: cerium nitrate, at 1.7x10° mg/L, inhibited
biofilm formation by ~60%. The results were
similar either at 24 h or 48 h of incubation.

The present study confirms the antibiofilm
effect of cerium nitrate against C. albicans even
at lower concentrations. Despite both XTT and
CV assays were reproducible, as estimated by
the low values of standard deviation, major
differences in the quantification of the biofilm
were observed. The XTT assay is based on the
reduction of tetrazolium salts by mitochondrial
dehydrogenases of yeasts and it is used for the
quantification of metabolically active cells. The
less expensive and time-consuming CV assay is

85

commonly used for the quantification of biofilm
biomass, staining the cells (living and dead) and
the matrix produced (Peeters ef al., 2008). The
fact that certum nitrate inhibited more
effectively the total biomass production than the
metabolic activity of the yeast cells (Figure 1. A
and B), at subinhibitory concentrations, may be
explained by its interference with intercellular
communication or with extracellular matrix
production. Whichever might be the case,
further studies are being held to clarify the
mechanism of action and the endovascular
biocompatibility of cerium nitrate, in order to
support the clinical use of such promising
compound to coat indwelling medical devices.
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Abstract

Candida invasive infections have increased in frequency during the last decades. Such infections are often
associated to medical indwelling devices like central venous catheter. The recurrent nature and difficulties
1n 1ts treatment infections are often related to biofilm formation. Herein, we report about the in vitro anti-
biofilm activity of low molecular weight chitosan hydrogel (LMWCH). a natural biopolymer obtained
from the N-deacylation of crustacean chitin, upon distinct clinical relevant Candida strains. Most
importantly, LMWCH was able to significantly inhibit biofilm formation by Candida albicans and
Candida parapsilosis in an in vivo catheter mouse model LMWCH revealed to be a promising
compound for treatment of candidosis or 1ts prevention through medical device coating.

Keywords: Candida; Chitosan; Biofilm: Candidosis; Catheter-related bloodstream infections: central
venous catheter.

Introduction biomedical applications [4-8]. Clutosan also
displays antimicrobial activity against a wide
Classical antifungal drugs not always represent range of microorganisms such as algae, fungi
a wviable therapeutic approach to treat and bacteria [7. 9-14]. Furthermore, it was
mucocutaneous and systemic candidosis since shown that treatment with chitosan can
clinical resistance. namely to azoles, 1s efficiently reduce or prevent bacterial biofilm
emerging. Therapeutic failure occurs especially formation, both in vitro and in vive [15-20].
in the setting of fungal cells organized in Despite its unequivocal antimicrobial effect
birofilm. a microbial community encased within upon planktonic cells. few studies were
a polysaccharide-rich  extracellular matrix performed to clarify its anti-biofilm action
(ECM). Biofilm formation has a clearly against fungi, namely Candida spp. Therefore
established role dunng systemic and mucosal we evaluated the in vitro and in vive anti-
Candida mfections. It represents a reservoir of biofilm activity of LMWC upon distinct
fungal cells with promoted antifungal Candida spp with clinical relevance.
resistance, also enhancing the microorganism
ability to mvade host tissues and also protecting Methods
the pathogen from the host immune system
response [1-3] . Strains
The continuous search for con]pcund_g Six chnical isolates of each Candida SpECiES,
displaying intrmsic antimicrobial properties is corresponding to C. albicans, C. parapsilosis.
crucial for the prevention as well as for C. glabrata, C. tropicalis, C. krusei, and C.
treatment of Candida infections. Chitosan is a guilliermondii, were used m this study (Table
natural pol}rgaccharide blopgl}mer which 1) All strains had been isolated from patient.‘;
exhibits notable biological properties, including admitted at Hospital S. Jodo (Porto. Portugal),
non-toxicity. biodegradability and and 1dentified wusing the Vitek 2 system
biocompatibility, making it a good candidate for (bioMérieux, Vercieux. France). C. albicans
1
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ATCC 90028 stramn belongmng to American
Type Culture Collection was also used. All the
strains were kept frozen in yeast potato dextrose
medmum (YPD) (Difco Laboratories)
supplemented with 40% glycerol at -70°C until

testing. For

each

experunent, the

microorganisms were subcultured twice on
Sabouraud agar (Difco Laboratories), 35°C, 24h
to assess the purity of the culture and its

viability.

Table 1- Candida strains used in this study: distribution by species and provenance.

Strain Isolate Site of isolation or Source
031 C aibicans Blead

063 C.aibicans Blead

0oLi23 C aibicans Catheter

OLa5T C aibicans Urine

OLO60 C aibicans Tracheal bromchial secretions
OLaTs C aibicans Catheter

MC433 Caibicans Mucocutaneous

MC437 C.aibicans Mucocutansous

ATCC 90028 C aibicans American Type Culture Collection
011 . parapsilosis Blood

0is i Blead

OLo0T Tracheal bromchial secretions
oLzl Catheter

0OLi31 Urine

OL056 Catheter

MC428 Mucocutaneous

MCA29 Mucocutaneous

006 Blead

aTr Blead

OL0G Fasres

oLiT Urine

OLi33 Urine

OLa53 Urine

MC3T4 Mucocuianeeus

MC418 Mucocutaneous

001 Blead

004 Blead

0112 Blead

OLi44 Faeres

OL0%0 Faetes

OLaT1 Urine

MC376 Mucocutaneous

MC425 Mucocutaneous

014 Blead

0131 Bleod

OLoL? Tracheal bromchial secretions
OLof1 Tracheal bronchial secretions
oL Tracheal bronchial secretions
OL103 Catheter

OL109 Fasre:

OL101 Tracheal bronchial secretions
1 Blead

3 Blead

OLaT2 Tracheal bronchial secretions
oLaT? Cersbrospimal fuid

MCI3 Mucomutanesus

MC2T Mucocutaneous

AC37 Mucocutaneous

MC38 Mucocuianeeus

Chemicals

Low molecular weight chitosan (LMW) (Sigma
Aldrich), 50 KDa, 92% deacetylation degree
was solubilized in lactic acid (2% w/v) solution
to a final concentration of 4% (w/w).
Subsequent dilutions of this stock solution were
prepared in RPMI 1640 cell culture medium
(Sigma-Aldrich).

Adhesion and in

ASSAYS

vitro biofilm formation
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Yeast cells were grown overmight at 35°C, 180
pm in Sabouraund broth (Difco Laboratories).
After washing twice with phosphate-buffered
saline (PBS). a suspension containing 1x10°
cells'ml, counted with a hemacytometer, was
prepared in RPMI



Adhesion assay The effect of LMWCH upon
Candida adhesion to polystyrene was evaluated
accordingly to a reduction assay, as previously
described [1]. Briefly. 12-well polystyrene
microplates uncoated or coated with LMWCH
at the respective sub-inhibitory concentration
(half the minimum concentration that inhibited
50% of microbial growth (MICsq)) for each
species, were used. Plates were incubated for 90
min with a cell suspension containing 1x10°
cells/ml of each strain. and then washed twice

with PBS to remove non-adherent veasts.
Adherent cells were quantified using the semi-
quantitative 2.3-bis(2-methoxy-4-nitro-5-
sulfophenyl)-2H-tetrazolium-5-carboxanilide
(XTT) reduction assay[21].

The MIC:; and MICgy; for planktonic cells were
determined accordingly to the CLSI M27-A3
protocol [22]. Lethal concentrations (MLC)
were determined accordingly with Canton et al
protocol [23] (Table 2).

Table 2- Susceptibility of distinct Candida species under planktonic and biofilm associated growth conditions to LMWCH,
determined accordingly CLSI and XTT methods. a) The MIC end point for planktonic cells was based upon visual determination of
the lowest dmg concentration that caused a 30% or 90% decrease in growth relative to the growth in the chitosan-free control well.
b} The sMIC end point for biofilms comespends to the lowest chitosan concentration resulting in a 50% or 90% of FMA relative to
the metabolic activity of the inireated growth control, measured by the XTT reduction assay. Fesults are representative of at least

three independent experiments. performed in triplicate.

Planktonically grown cells

Biofilm at 24 h

MICs MICw/ MLC SMICs SMICs
C. albicans 0.04 5 0.31 =10
C. parapsilosis 0.005 0.02 0.02 25
C. glabrata 5 T3 123 =10
C. tropicalis 0.04 125 0.02 =10
C. krusei 0.003 0.03 0.08 =10
C. gmilliermondit 0.0025 0.0025 0.08 =10

Biofilm Formation Yeast suspensions were
allowed to form biofilms for 24 hours [21] in
the presence and absence of four LMWCH
concentrations: Y MICs;, MICs, MICggvalue
and 10 mg/ml After 24h of mncubation biofilms
were washed gently with PBS to remove non
adherent cells and afterwards quantified using
two different methodologies: the semu-
quantitative XTT reduction assay, which
measures biofilm cellular metabolic activity
[21] and the quantification of biofilm total
biomass, using the crystal violet staming assay
[24].

Biofilm susceptibility to LAIWCH Biofilms of
each Candida species were allowed to form in
polystyrene mucroplates for 24 hours, and
afterwards challenged with LMWCH 1n serial
1:2 diluted concentrations, ranging from 10 to
0.01mg/ml. The minimal LMWCH
concentration which caused 50% or 90%
reduction i metabolic activity (50% or 90%
RMA) of biofilm compared with the respective
control strain (incubated in the absence of drug)
was defined as the sMIC;; or sMICg,
respectively (munimal inlubitory concentration
of sessile cells) [21].

In vive biofilm formation assay

A mouse subcutaneous foreign body system was
used [25]. One C. albicans strain and one C.
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parapsilosis stram (both 1solated from central
venous catheter CVCs) were tested with this
model. Eight-week-old specific pathogen-free
female BAILB/c muce (Charles River),
weighting 20g were used. Amimals were housed
in an environmentally controlled room with 12-
h light-dark cycle and were kept on a standard
ad libitum diet. Animals were mamntamed in
accordance with the Federation of European
Laboratory Animals of Science Associations
(FELASA) coterta. Amimal studies  were
approved by the ammal ethical commuttee of the
Faculty of Medicine, Umversity of Porto.

Mice were anesthetized and the lower back was
shaved and disinfected with 0.5% chlorhexidine
m 70% alcohol. Subsequently, six 1-cm
segments of polyurethane intravenous catheters
(BD Vialon™ 16G 1.7x45 mm) were implanted
mte  the subcutaneous  space. Before
implantation, catheters were soaked for 24 hours
with IMWCH at concentrations corresponding
to the MICq, for each species (5mg'ml for C.
albicans and 0.02mg/ml for C parapsilosis).
Catheters incubated in PBS were used as a
positive control. Five amimals were used for
each expennmental condition. Subsequently.
1x10° yeast cells/ml in PBS or plain PBS
(control). was mjected into the pockets; the
incision was closed and disinfected with 0.5%
chlorhexidine 1n 70% alcohol. At day 7, ammals
were sacrificed; catheters were aseptically
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removed and biofilm quantified
spectrophotometrically following the XTT assay
[21].

Biofilm imaging by scanning electron
microscopy (SEM)

In order to wvisualize biofilms formed in the
wells of 12-well polystyrene plates, the bottom
of each well was extracted from the plate. To
visualize biofilms formed at the surface of
catheter segments, each segment was transected
lengthwise. Samples were placed overnight in a
fixative solution of 4%formaldehyde viv, 1%
glutaraldehyde v/v i PBS. After incubation,
biofilms were washed with PBS and air dried in
desiccators [1]. For analysis, samples were
coated with gold/palladium (40%/60%) and
observed m a scanming electron microscope
(JEOL JSMG6301F/OXFORD INCA ENERGY
350) in high vacuum mode at 15 kV.

Statistical analysis

Statistical analysis started with distnbution
normality assessment using the Kolmogorov-
Smurnov test and histogram evaluation. Since all
the variables” distribution was normal only
parametric tests were used. Chitosan adhesion
and biofilm inhibitory effect, at different
concentrations, was evaluated with One-Way
ANOVA (with the Bonferromi correction). The
student’s t test was used to evaluate the activity
of chitosan treatment in pre-formed biofilms.
Correlation analysis was assessed using the
Pearson correlation test. Statistical significance
was considered as a p value inferior to 0.05. All
statistical analysis was conducted using the
SPSS software (v. 20.0).

Results

Adhesion and Biofilm formation in presence
of LMWCH

All strams adhered promptly to polystyrene
plates. However, adherence was significantly
reduced in the presence of LMWCH, excepting
for C Jousei (p 0.24) and C guilliermondii (p
0.39). The extend of reductions was 9.4% for C.
albicans (p 0.03), 534% for C. glabrata
(p=0.001), 31.2% for C parapsilosis (p 0.001)
and 14.5% for C. fropicalis (p 0.002) (Fig.1A).

The significant decrease of yeast adhesion to
polystyrene caused by LMWCH led to the
mvestigation of its activity agamst biofilm
development by Candida isolates, which was
quantified both by total biofilm biomass and by
using a semu quantitative XTT reduction assay
for metabolic activity determination.

For all species, except C. parapsilosis, the
presence of LMWCH at subinhibitory
concentrations during biofilm  development
decreased significantly its metabolic activity (45
to 81%) (Fig. 1B). Conversely, the total biomass
was not affected (Fig. 1B). Despite the
reduction of the biofilm metabolic activity, no
significant correlation was found between
biofilm mhibition and reduced percentage of
adhesion (p= 0.05).The MICs; concentration
decreased significantly biofilm biomass of
species like C. glabrata and C. tropicalis, being
the reduction less prominent m the case of C.
guilliermondii. The highest concentration tested
(10 mg/ml) was the most effective, causing
biomass reductions of all Candida species, up to
99% of biofilm reduction when compared with
non-treated biofilms (Fig. 1B).
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Figure 1- Activity of LMWCH upon adhesion and biofilm formation. A) Evaluation of Candida adhesion to pelystyrene in the
presence of LMWCH submhibitory concentrations (C. albicans 0.02 mg/ml; C. glabrata 2.5 mgml; C. parapsilosis 0.0025 mg/ml;
C. tropicalis 0.02 mg/ml; C. kruser 0.0023 mg/ml and C. guilliermondii 0.00125 mg/ml). B) Quantification of biofilm metabalic
activity (left) and biomass formation (nght) of Candida biofilm in the presence of LMWCH. The subinhibitory concentrations used
for adhesion assays, MIC s, MLC value and 10 mg/ml concentrations were tested for each species.

Adhesion and biofilm results were normalized
to control (0 mg/ml), which was taken as 100%.
Each result 1s representative of at least three
independent  experiments  performed 1in
triplicate. * p <005 when compared with
control (without treatment) evaluated with One-
Way ANOVA (with the Bonferroni correction)
and with error box graphics.

Biofilm susceptibility to LMWCH

Regarding the activity upon pre-formed biofilm,
LMWCH exhibited a dose dependent reduction
of biofilm metabolic activity. A sigmificant
direct correlation was found between LMWCH
concentration and the metabolic
activity/biomass for all Candida species
(p=0.05).

In general, the sMICy, were 2 to 5 dilutions
above the planktonic MICs; Interestingly, such
value decreased 1in the case of C.glabrata and C.
tropicalis (two of most resistant chitosan
strains) comparatively to planktonic cells (Table
2). Nevertheless, sMIC5; values were below the
MICgy for most of the species. With the
exception of C glabrata and C. guilliermondii,
in all other species reductions ranging between
80 to 93% in RMA were obtained (Fig 2A)
Generally, biomass reduction ranging between
80 to 96% was achieved with 10 mg/ml of
ILMWCH. which was found to be the most
effective concentration against all species (Fig.
2B).
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Figure 2- Biofilm susceptibility to LMWCH. Graphics show the effect of LMWCH upon pre-formed biofilms; 24 hours biofilms
were treated with serial concentrations of LMWCH, ranging from 10 to 0.0lmg/ml After incubation with LMWCH for an
additional 24 hours, the metabolic activity (A) and biomass (B) were evalnated. Fesults were normalized to control (0 mg/ml),
which was taken as 100%:. Each result is representative of at least three independent expeniments performed m tnplicate.
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Scanning electron microscopy

Imaging of biofilms formed i polystyrene
plates demonstrated that biofilm architecture
varies not only among the different species but
also slightly varies among strains of the same
species (data not shown). Nevertheless
LMWCH activity was generally consistent and
constant within the same species.

Representative images of the four most medical
relevant Candida species are depicted i Fig. 3.
C. albicans untreated biofilms showed an
heterogeneous architecture with a continuous
layer of yeasts and hyphae interconnected (Fig.
3A). € parapsilosis  displayed micro
colony/water channel morphology with vyeast
cells aggregates and filamentous forms,
disposed in a discontinuous monolayer (Fig
3C). C tropicalis and C glabrata exhibit the
most compact biofilms (Fig. 3B, D). While C.
glabrata biofilms are only composed by a
multilayer of yeasts cells closely packed with
each other, C. tropicalis exhibits filamentous
forms interconnecting continuous blastospore
layers.

C  albicans, Cglabrata and C. tropicalis
biofilms grown in the presence of the MICqq are

C.albicans

C. parapsilasis C. glabrata

C. tropicalis
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less compact but do not exhibit ewident
morphological alterations (Fig. 3E, F, H). Only
in the case of C. parapsilosis was possible to
observe the absence of filamentous forms found
in the untreated control and smaller blastopores,
most of which appear to be collapsed (Fig. 3G).
The 10mg/ml IMWCH concentration unable
mature biofilm formation m C. albicans. C
glabrata and C. parapsilosis strams (Fig. 31-K).
Apparently only a few yeasts were able to
adhere to polystyrene and to each other, but
were incapable to start the biofilm formation
process. C. tropicalis seems to create a more
organized structure but yeast cells and
pseudohyphae are mostly collapsed (Fig. 3L).

Treatment of preformed biofilms with 10mg/ml
of LMWCH resulted in biofilm disorgamization,
in all tested species (Fig. 3M-P). Curiously, in
the case of C. albicans and C. parapsilosis, only
yeast forms persisted whereas, 1n the case of C.
tropicalis, mainly the hyphal structures

remaimned. The concentration corresponding to
the SMICs; led to a reduction of biofilm
biomass, as well as morphological alterations,
being the particulary evident i C. parapsilosis
biofilm (Fig. 30, W).




Figure 3- Scanning electron microscopy images of Candida biofilms formed in polystyrene plates. A-D, Candida biofilm
without LMWCH treatment (control); E-L, Candida biofilms grown in the presence of MICy, (E to H) or 10 mg/ml (I to L) of
ILMWCH for 24 h; M-T, 24 h preformed Candida biofilms treated with LMWCH concentrations comesponding to the sMICy of
each species (M to P) or 10mg/ml of LMWCH (Q to T) for an additional 24 h period. U-Y, Higher magnification of biofilms treated
with 10 mg/ml of LMWCH. White arrows show collapsed cells in the remaining biofilm of different species (U- C. albicans, V- C.

glabrata, W- C. parapsilosis, Y- C. tropicalis).

Images represent typical fields of view. Scale bars correspond to 60 um at 1000x magnification for A trough T panels and to 30 ym

at 2000x magnification for U trough Y panels.

In vivo LM'WCH biofilm inhibition

To demonstrate the effectiveness of LMWCH,
as a coating agent of medical mdwelling
devices, in impairing fungal adherence, biofilm
formation and, ultimately invasive candidosis. a
mouse subcutaneous foreign body system was
used [26]. Since C. albicans and C. parapsilosis
are frequently isolated from Candida infected
CVCs, one stramn of each species (previously
isolated from CVCs) was tested with this model.
Catheter segments soaked with LMWCH MICy,
concentration resulted in a marked impairment
of biofilm metabolic activity of C. albicans
(914% 89 of biofilm RMA) and of C
parapsilosis (95.7% =3.3 of biofilm RMA).
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SEM 1images demonstrated that the catheter
surface is generally free of biomass, except
some residual spots (Fig. 4c. d, g h). In
addition, the structure of the biofilm formed in
the presence of LMWCH is quite different from
the control, grown in the absence of chitosan. In
non-treated catheters, both Candida species
formed a compact multilayer biofilm where
hyphae, pseudohyphae and yeasts were present
and mainly immersed m a dense matrix,
covering the entire catheter surface (Fig. 4a, b,
e, f). The sparse biofilm formed in chitosan
treated catheters was a thin monolayer of yeast,
hyphae or pseudohyphae embedded with a
scarce amount of matrix (Fig. 4d. h).
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Figure 4- Architecture of in vivo O albicans (A) and C. parapsilosis (B) biofilms. Scanning electron microscopy images show
the mtralumimal surface of catheter segments after 7 days of in vive implantation. Catheters treated with of LMWCH (c-d and g-h)
or without treatment (a-b and e-f) were challenged with C. albicans and C. parapsilosis. At day 7, he surface of untreated catheters
was completely covered with a dense multilayer bicfilm while catheters soaked with ITMWCH failed to form continuous and
structured biofilms. Scale bars comrespond to 1 mm at 50x magmification for catheter cross sections and 100 pm with 300x

magnification for detailed biofilm structures.

Discussion

Chitosan 15 known to be fungicidal to Candida
planktonic cells [7. 9, 11-13, 18]. In present
study, we demonstrated its Candida anti-biofilm
activity, by reducing considerably the biofilm
metabolic activity (up to 90%) of pre-formed
biofilms and further promoting extensive
biomass disaggregation of mature biofilms.
Interestingly, the concentrations needed to
obtain a 50% reduction of cellular metabolism
by the different species are closely correlated
with the susceptibility of planktonic cells,
suggesting an  identical antimicrobial
mechanism It 1s plausible that the positively

charged chitosan molecules interact with
negatively charged vweast cell membranes
inducing intracellular constituents” leakage,
reducing  cellular metabolism.  ultimately

resulting in cell death (which was already
demonstrated by flow cytometry [13]).
Interestingly, a recent study explamns the
heterogeneity of planktonic  susceptibility
between the different Candida species, 1s
resulting from the ionmic reaction between
chitosan amino free groups and ionic charges at
the cell surface [27] The authors correlate the
veast surface charge to the chitosan sensitivity
and demonstrate that € albicans and C.
glabrata are less susceptible due to the reduced
prevalence of negative charges at its cell
surface; following this rank are C. tropicalis. C.
parapsilosis  and C. guilliermondii  [27].
Curiously, SEM images of biofilms treated with
chitosan corroborate this theory: vyeast cells
displayed a wnnkled surface, far from 1ts usual
smooth regular surface, and even collapsed in a
large extend. Another proposed mechanism
involves the penetration of chitosan into yeast
nuclei, it’s binding to DNA and inhibition of
ENA synthesis with obvious consequences in
the cellular metabolism All these phenomena
could cause a serious physical stress upon
biofilm structure leading to its disruption [7,
28] However, the discrepancy found among
distinct species suggests a non common
mechanism. being dependent of physiological
differences and variations in ECM components
[29. 30]. Moreover, mteractions between
chitosan and the ECM components of the
different species, could promote chitosan
binding to the matrix, delaying its penetration.
This assumption could explain the differences
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between sMIC s, Nevertheless, the
concentration of 10mg/ml LMWCH efficiently
disorganized biofilm.

Our study also showed that LMWCH reduced
signmificantly adhesion of € albicans, C.
glabrata, C. parapsilosis and C. tropicalis to
polystyrene and inhibited its biofilm formation.

However, biofilm formation may not
necessarily  correlate  with  adhesion. as
previously  reported  for  Cryptococcus

neoformans [14], demonstrating that adhesion is
an important step although not a crucial event
for biofilm formation.

The anti-biofilm activity of chitosan upon pre-
formed ¢ albicans and C  parapsilosis
biofilms, and its ability to prevent C albicans
biofilm formation had been previously
mentioned i two elegant studies [20. 28]
However, no reference to the type of chitosan
was made m one [28] while, in the other, a
medium molecular weight chitosan was used
[20]. Furthermore, data obtained resulted only
from testing a single strain of each C albicans
and C parapsilosis, and the range of tested
chitosan concentrations was extremely narrow.

In our study, we performed for the first time a
comprehensive evaluation of LMWCH effect
against several Candida species.

Moreover, the efficacy of chitosan to impair C.
parapsilosis biofilm formation in wvive was
originally demonstrated. Although C. albicans
is still the fungal species most frequently
tsolated from infected CVCs, C parapsilosis
has been increasingly associated with medical
mdwelling device infections. Recently, Cobrado
et al [26] demonstrated that LMWC reduced in
a extend of 50% C. albicans biofilm formation
at a concentration of 2.5 mg/ml, using a similar
animal model. Notably, we achieved an
mhibition of 914% just by doubling the
concentration. Our findings are m accordance
with Martinez er al [28] results. Even though, in
such study catheters were removed soon after 24
h of implantation while in the present study
catheters were only removed 7 days later. Our
results demonstrate that devices coated with
IMWC exhibit a durable antifungal activity.
Such fact mught help to avoid frequent catheter
removal in critical patients, a medical procedure



that 1s indicated but implies several
complications to the patient. The S5mg/ml

concentration is also non-toxic for human Funding
endothelial cells [28] making this compound a ] )
serious candidate for biomaterial applications, This work was supported by the project:
such as coating of medical indwelling devices. "QUITORAL: De_sem-‘ol\.“lmento d": nowvas
formulacées de quitosanos com aplicagio em
The classical antifungals often fail to eradicate medicma oral”- QREN - ADIT 3474, financed by
fungal biofilms, being echinocandins and European  Regional Development Fund
amphotericin B lipid formulations the few (ERDF)”. This work was also supported by
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32]. We showed that LMWC significantly PhD grant [SFRH/BD/44896/2008 to “ASD™].
reduced both in vitro and in vivo Candida IMM 1s supported by FCT Ciéncia 2008 and co-
biofilm formation. being also able to disrupt a financed by the European Social Fund.

pre-formed biofilm, not only by reducing yeast

metabolic activity but also by promoting ECM

disaggregation. Considering  ifs  intmnsic

antifungal, anti-biofilm activity and Acknowledgments
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management of mucocutaneous  fungal
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prevent its colonization by Candida organisms.
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Abstract E-124

Background Indwelling medical devices are related to bacteremia, mainly i entically 1l patients, with
important morbidity, mortality and costs. 5. spidermidis, 5. aurens, 4. baumannii and C. albicans are
among the most frequently medical device-associated mucroogamsms 1solated. Coating of devices with
anfibiofics or antiseptics has been tned with vanable success. Chitosan, cenum and hamamehtannin may
be related to the reduction of virulence of biofilm-assoctated microorgamisms. The objectve of this study
was to evaluate the potential of these substances in the prevention of biofilm formation.

Method: To study biofilm mhibihen, two strains (one from ATCC and another climeal) of each
pucrobial species have been grown overmight. in 12 well plates, with nsing concenfrations of cerium
(192107 to 1.5x107° M), chitosan 107 kDa (3.9x107 to 6.25x107 %) and hamamelitannin (10 to 50
pg'ml). All of those agents were at sub-mhibitory concentrations. Brofilm was quannfied by
spectrophotometry, with XTT tetrazolium and crystal violet assays.

Rezultz Carium, 2t 1.5:107 MM, inhibited the biofilm metsbolic activity of both strains of 5. epidermidiz,
5 aureus and C. albicans im 20 to 60%, comparatively to posifive controls. Total biofilm mass was
reduced n 20 to 90%. Mo such relevant inhibition was documented for 4. baumannii. Chitosan 107 kDa,
at 6.25x107% %, inhibited the biofilm metabolic activity of 5. spidermidis and 5. aureus in 10 to 20%.
Total bofilm mass was reduced by 40 to 90%. Conflicting results have been observed regarding 4.
baumannii and C. albicans strains. Hamamelitannin had no sigmificant effact in biofilm imhibifion, even at
the higher concentration tested.

Conclusions An important reduction in biofilm mass and metabolic actvty of 5. spidermidis, 5. aureus
and C. albicans has been obzerved for cenum, for the forst tme. Chitosan 107 kDa mmhibited rather the
Zram positive bacteria tested. Mo consistent biofilm inhlibition has been demonstrated for A, baumanmii.
Further knowledge on the apphcability of cermum and chitosans on medical devices would be welcome.
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Abstract

Objectives: Cermum 15 a3 member of the lanthamde semes or rare earth elements. Several medical
applications have addressed cerium compounds namely antiemetic, antineoplastic, antiseptic and
mmmmnomodulatory properties. All these applications are =qll controversial, with the excepton of it use
as a topical agent for the treatment of burn wounds. In fact some studies present a reduchion 1n mortality
of 20-30% following treatment with cerium. This finding 15 mostly atoibuted to its mmmmomodulatory
actvity smee studies addressing 1fs antimucrobial effect produced contradictory results. Our am was to
clanfy Cerum mitrate antmicrobial activity against Candida species by the classical methodologies and
alzo by Flow Cytomety wsing FUMN-1 (a metabolic marker) and Propidium 1odide (PI) (3 selective marker
of dead cells with membrane damags).

Methods: Cenum mrfrate, climeal 1zolates of Candida (n=36), comesponding to . albicans (n=6), C.
parapsilesiz (n=6), C_ glabrata (p=8), C. tropicalis (n=8), C. Lrusei (n=6), and . guilkermondii (n=8),
were tested accordmely to the classical mucrodilution antifungzl suscephibility protocol M27-A3. Senal
concentrations of Cenum mitrate ranging to 230 a 0.125mM were used and the mumimal inhabutory (WMIC)
and ommimal lethal (MLC) concentrations were determined. MIC end pomt was defined as the lowest
drug concentration that inhibited 50% the growth when compared to the control.

To mvestizate cermm mifrate antmicrobial actnaty by Flow Cytomety omne O albicans stram was
incubated with different concentrations of cerium (125, 50, 8 and 0.125mM) for 30min, 90min, 3h, Sk
and 24hb at 35°C wath agitation. Af each time point, yeast calls were harvested by centnfugation, washed
twice and ressuspended in a solution with FUN-1 0.5uM or PI lug'ml (Molecular probes). Following an
addinional mevbation of 30min at 35°C veast cells were analyzed in a flow cvtometer (FACSCalibur BD
Biosciences, Sydney) and 20000 events were collected. Cytometric readings were performed in the FL2
fluorescence channel (BF 585/42 nm) for FUN-1 staimng and FL3 fluorescence chanmel (LP 670 nm) for
PIL From each suspension, yeast cells were plated on Sabouraud dextrose agar and meubated for 24hb for
assessment of viable cells.

Rezults: Cermum MIC was 0.125 mM and the MLC was § mM for all Candida strains. Cytometric
analysis showed that cerum nitrate produces not only a dose and fime dependent decrease of the cell
metabolic activity but also results in a defimtive membrane mjury that 15 a lethal effect.

Conclusions: Cenum mitrate exhibits antinmerobial activity against Candida species, being a proousing

agent for prevention or reatment of mucocutaneous candidosis.
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Abstract

Objectives: Cenum 15 2 member of the lanthanides or rare earth slement=. Several medical applications
have been addressed to cemum compounds, based upon its antiemetic, antneoplastic, antiseptic and
immmnomodulatory properties. All these applications are still controversial, with the exception of its
topical use for the treatment of bwn wounds. Mevertheless studies addressing its antimicrobial effect
produced contradictory results. Our objective was to clanfy its antiowerobial activity against Candida
albicans. We also tested 1ts abulity to impair biofilm formation and itz potential use in ofilm treatment.
Methods: Six climeal iselates of £ albicans and the tyvpe strain ATCC 90028, were tested accordmgly to
the protocol M27-A3. Senal concentrations of cermum matrate {ranging from 1 to 0.244M) were used and
the munimal mhibitory (MMIC) and memimal lethal (MLC) concentrahions determined. A cytometne kmetic
study was also performed by incubatmg C. albicans ATCC90028 with each of 3 concentrations (0.03, 8
and 50 mh) dunng 30min, $0min, 3h, 6k and 24h. At each time pomt veast cells were stamed wath FUN-
1 0.5pM (a metabelic marker) or wath Propidium iodide lpg/ml (a membrane injury marker) and 20,000
events were analyzed m a flow cyitometer (FACSCalibur BD Biosciences, Svdoey). From each
suspension, yeasts were plated on Sabowand dextrose agar for viability assessment.

Biofilms growth was promoted in the presence of 3 cermum concentrations (0.03, § and 50 mM) for
2dhours. The biofilm metabolic activity and total biomass were quantified colormetrically with XTT and
crystal violet assays, respectively. Biofilm susceptbality was alse assessed (tested concentrations ranging
from 0.5 mM to 1 M),

Rezults: Cermum MIC and MLC were 0.03 mM and 8 mM, respectively. Flow cyvtometry showed a
considerable decreaze m cellular metsbolic actvity, after 3b of mcubaton with § and 50mM,
accompanied by a defimitive membrane injury.

Cermum pitrate was able to umpar efficiently biofilm formation at & mM. Treatment of pre-formed
biofilms with cerium resulted in 90% reduction in the biofilm metabolic activity with 300 mM, and 92%
of total biomas: disaggregation with 16 mhd.

Conclusions: Cermm mifrate exhibits not only antmierobial but also anti-biofilm actrvity agaimst O
albicans, bemng a propusing agent for prevention or treatment of candidosis associated with medical
indwelling devices.
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