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Résume

Les plaies chroniques sont un probleme majeur de santé qui touche environ 2%
de la population mondiale. Leur prévalence est en constante augmentation
parallelement a I"obésité et au vieillissement de la population. Les ulceres de pied chez
les patients diabétiques en particulier, voient leur prévalence «exploser » au fil du
temps. Le retard de cicatrisation des ulceres de pied chez les patients diabétiques est
associé a la présence de biofilm qui peut favoriser la survenue d’infections au sein de
ces plaies, et contribuer a l’antibiorésistance. Aussi, l'utilisation d’alternatives aux
antibiotiques dans la prise en charge des plaies chroniques est activement documentée.
Les antiseptiques pourraient constituer une alternative, notamment dans leur role
éventuel dans la cicatrisation dirigée. Pourtant actuellement, il existe peu d’études
permettant d’affirmer leur efficacité dans la cicatrisation des plaies chroniques et encore
moins de les comparer et d’en positionner I'un d’entre eux comme traitement de

référence.

Aussi, les travaux effectués pendant ce doctorat ont porté sur 'adaptation de
modeles d’étude de biofilms aux antiseptiques et sur 1'évaluation des antiseptiques sur
du biofilm mono et bi especes a partir de 2 microorganismes fréquemment isolés dans
les ulceres de pied chez les patients diabétiques. S. aureus et P. aeruginosa. Cette
évaluation s’est déclinée en 4 niveaux: d’abord sur les cellules planctoniques, ensuite
sur l'inhibition de la formation du biofilm, puis sur la réduction de la charge
bactérienne vivante statique d'un biofilm et enfin sur du biofilm débridé dans un milieu

dynamique en flux, a 'image de ce qui est fait en pratique clinique

Ces travaux ont permis de démontrer une efficacité de 1'hypochlorite de sodium

comparativement a I’octénidine et au polyhexaméthylenebiguanide.

Mots clés : Biofilm, Antiseptiques, Plaies de pied diabétiques, P. aeruginosa, S. aureus,
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Abstract

Chronic wounds are a severe public health challenge affecting 2% of the global
population. Their prevalence is constantly increasing, along with population aging and
obesity. Diabetic foot ulcer (DFU) particularly is constantly rising as the number of
people with diabetes mellitus is also rising every year. Wound impairment in DFU is
associated with biofilm. Biofilm induces wound infection and promotes antibiotic
resistance. Therefore, instead of antibiotics, alternative therapeutic options are crucially

needed in DFU treatment.

Antiseptic agents are one of the alternative options in DFU care. However, there
are few studies documenting antiseptic efficiency in chroming wound healing and a

lack of evidence on recommending one antiseptic over another.

This thesis work focused on biofilm models adaptation for evaluating antiseptic
agents on monospecies and bispecies biofilms using clinical isolates frequently isolated
from DFU: S. aureus and P. aeruginosa. Evaluation was proceeded at 3 levels. First on
free planktonic bacteria, next on biofilm formation inhibition, then on living bacterial
load reduction and finally on a biofilm post debridement in a dynamic flow model, like

clinical practice.

These works allowed the identification of sodium hypochlorite as a relevant
antibiofilm agents In DFU treatment compared to polyhexamethylenebiguanide and

Octenidine.

Keywords: biofilm; Antiseptics; DFU; P. aeruginosa, S. aureus
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1.1  Les plaies chroniques

La peau normale ou barriere cutanée est composée de 3 couches : I'épiderme, le
derme et I'hypoderme (tissu adipeux). La barriere cutanée est le premier et principal
mode de défense de 1’organisme contre les diverses attaques chimiques, microbiennes,

physiques et immunologiques[1].
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Figure 1: Architecture de la peau. D’apres Kwiecien et al; Architecture of

antimicrobial skin defense.

D’apres le dictionnaire Larousse de langue francaise, une plaie est un nom
féminin désignant une déchirure des tissus due a un accident (blessure, briilure) ou a
une intervention chirurgicale [2]. Une blessure quant a elle, est une lésion produite en
un point quelconque du corps par un choc, un coup, une arme ou un corps dur
quelconque[3]. Les plaies sont aussi définies comme un environnement dynamique
dans lequel se produit une interaction complexe entre les tissus de 1'hote et la triade
constituée de tissus morts, d’exsudat et de microorganismes[4]. Ces différentes

définitions désignent la rupture de la barriere cutanée.

Le processus de guérison biologique des plaies associe chronologiquement les

étapes d’hémostase, d’inflammation, de réparation tissulaire du derme, de réduction du
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diametre de la plaie, de régénération de I'épithélium et enfin de cicatrisation[5]. Dans le
cadre d"une plaie dite chronique, ce processus de guérison est altéré et découle sur une
plaie qui persiste au fil du temps. Le caractere chronique d'une plaie en opposition au
caractere aigiie est défini par 1’absence de guérison dans un délai de 4 semaines a 3 mois
selon le type de plaie[5,6]. La société américaine de cicatrisation des plaies définit 4
principaux types de plaies comme chroniques[7]. Il s’agit des ulceres de pied chez les

patients diabétiques, des escarres et des ulceres artériels ou veineux de jambe[7].

La prise en charge des plaies chroniques nécessite des soins récurrents,
notamment la cicatrisation dirigée et des séjours hospitaliers prolongés. Il en découle
une dépense de soins de santé élevée entrainant une pression financiere élevée sur le
systeme de santé[5,8] et une diminution de la qualité de vie des patients atteints de
plaie chronique[9]. Les plaies chroniques concourent aussi a une augmentation de la
morbidité et de la mortalité des patients qui en sont atteints[10]. Cette situation est
d’autant plus préoccupante que la proportion de patients souffrant qui seront affectés
par les plaies chroniques au moins une fois au cours de leur vie est en constante
augmentation parallelement a 'augmentation de I'age de la population [5,9]. Toutefois,
une prise en charge a un stade précoce des facteurs de risque peut prévenir la chronicité

des plaies ou a défaut favoriser la cicatrisation[5].

1.1.1. Facteurs de risques associés aux plaies chroniques

Plusieurs facteurs de risque peuvent concourir a la chronicité d'une plaie. Il y a
avant tout les facteurs socio-économiques : le climat politique, le niveau économique
qui peut impacter la formation du corps médical etles pratiques médicales. La
connaissance et la mise en application des dernieres recommandations par les praticiens
en dehors des centres spécialisés de prise en charge des plaies chroniques peuvent étre

insuffisantes[11,12]. Le diagnostic de plaie chronique, 'orientation vers un spécialiste
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référent, la prise en charge des comorbidités peuvent ne pas étre optimales[13,14]. Les
recommandations de prise en charge des plaies chroniques varient beaucoup d'un pays
a un autre[15,16]. Ces recommandations peuvent parfois se contredire, menant a la
confusion et la limitation de l'efficacité de la prise en charge [5]. Un autre type de
facteurs de risque de la chronicité des plaies est lié au patient. L'impact des
comorbidités (obésité, statut nutritionnel altéré, hypertension artérielle, dyslipidémie,
diabete sucré, syndrome métabolique, maladies inflammatoires chroniques, insuffisance
lymphatique, immunosuppression, facteurs génétiques, etc.) du patient n’est pas
négligeable puisque les plaies les plus compliquées a guérir ont été rattachées a des
patients avec les comorbidités les plus séveres ou les plus nombreuses[17]. De méme,
les croyances des patients[18] ainsi que leur adhésion au traitement est primordial pour
la guérison des plaies chroniques[19]. Certains facteurs de risque sont aussi inhérents a
la pathologie sous-jacente et au type de plaie chronique. Le facteur de risque le plus
important de survenue d'un ulcere veineux par exemple est le large spectre de
pathologies pouvant conduire a I'insuffisance veineuse[20]. Celui des ulceres artériels
des membres est la maladie artérielle qui induit un apport sanguin et oxygéné réduit
aux membres[5]. Les escarres quant a eux sont attribués au panel de conditions
provoquant une souffrance cutanée sous l'effet de la pression, du cisaillement et du
frottement exagéré de la zone atteinte[5]. Les ulceres de pied chez les patients

diabétiques sont intrinsequement liés aux complications du diabete sucré.

1.1.2. Micro-environnement des plaies chroniques

Les plaies chroniques présentent un micro-environnement particulier, favorisant

autant qu’il résulte d'une altération des différentes étapes de cicatrisation.

Le pH de la peau saine est acide avec des valeurs variant entre 4 et 6[21,22]. Le

pH du microenvironnement des plaies chroniques est plus alcalin (7,3 a 8,9) [23]. Cela

16



Antiseptiques et biofilm des plaies chroniques

favoriserait la complexité des interactions bactériennes et la formation du biofilm[24].
En comparaison, le pH des plaies aigués apres une courte étape d’alcalinité, récupere
des valeurs acides pendant son processus de guérison[25,26]. Ce pH alcalin impacte
également la stabilité des antibiotiques et peut réduire leur efficacité [27]. Cette
augmentation du pH pourrait étre liée a la perte de CO2 a travers la surface de la
plaie[26], a I’activité bactérienne et a la nécrose tissulaire[28,29] ou au retrait des tissus

nécrosés via le débridement des plaies[22].

L’augmentation du pH du microenvironnement des plaies chroniques entraine
une diminution du niveau d’oxygene[30]. L’activation de l'immunité est également
consommatrice d ‘oxygene[31]. Les microorganismes du microbiote des plaies aussi[32].
L’angiogenese des plaies chroniques est défectueuse, limitant aussi I’apport en oxygene
[33,34]. De plus, les pathologies sous-jacentes des plaies chroniques (problemes
circulatoires, diabete sucré, ...) nuisent a I'oxygénation des tissus [35]. L’association de
ces facteurs dépletent le microenvironnement des plaies chroniques en oxygene[30].

Pourtant, I’oxygene est nécessaire a la guérison des plaies[31,36].

Si l'on s’intéresse aux macrophages qui sont les cellules immunitaires les plus
étudiées dans ce contexte, on remarque que leur activation est retardée, ce qui entraine
une persistance de débris cellulaires, de cellules apoptotiques et de neutrophiles[37].
Cette situation, ajoutée aux facteurs étiologiques des pathologies sous-jacentes
modulent un état inflammatoire chronique[5]. L’étape d’inflammation est persistante
jusqu’'a l'étape de remodelage, ce qui empéche la guérison de la plaie[38]. Cette
inflammation persistante induit une altération de la cascade inflammatoire avec une
exacerbation de certains substrats comme les protéases. Le role des protéases est de
préparer le lit de la plaie a la cicatrisation en dégradant les composants de la matrice
extracellulaire de certaines cellules, pour stimuler par exemple les facteurs de

croissances des cellules épidermiques, ou stimuler la migration cellulaire[39]. La
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surreprésentation des protéases dans le microenvironnement des plaies chroniques
induit une dégradation accrue des facteurs de croissance[40] et des matrices
extracellulaires. Cela aboutit a une anomalie des interactions et des réponses cellulaires
a la base de la migration, de la différenciation et de la prolifération cellulaire [39]. La
différenciation cellulaire intensive nécessite un apport conséquent d’oxygene. Elle ne
peut se produire dans ce microenvironnement déplété en oxygene [33,34]. La migration
des cellules épithéliales nécessaire a régénération de I'épithélium est altérée[41]. Il y une
production excessive d’especes oxygénoréactives et de protéases, qui endommagent les
cellules de I'épiderme[42], alterent la viabilité cellulaire, inhibent la migration cellulaire

et contribuent a I'inflammation persistante[43].

L’environnement humide retrouvé au niveau des plaies, associé a la présence
permanente des nutriments rendent ce microenvironnement idéal a la prolifération
bactérienne[44]. Les bactéries présentes dans le lit des plaies chroniques interagissent
les unes avec les autres[10]. Elles s’organisent majoritairement sous forme de micro-
agrégats recouverts par une matrice protectrice, appelés biofilm[37]. La présence de
biofilm est corrélée a un retard de cicatrisation des plaies[45]. Le biofilm participe au
maintien du microenvironnement des plaies chroniques en étant un médiateur de
I'inflammation chronique[46] qu’il stimule a différents niveaux de la cascade
inflammatoire[47]. Sa participation au maintien de ce microenvironnement passe aussi
par une sénescence accrue des cellules fibroblastiques[48]. L’accroissement de la
sénescence des fibroblastes provient également de l'inflammation chronique[5]. Ces
fibroblastes a sénescence accrue répondent plus lentement a la stimulation des facteurs

de croissance et de fait proliferent plus lentement , ce qui retarde la cicatrisation[5].

Somme toute, le microenvironnement créé par la plaie participe au maintien des

conditions d’altération de la cicatrisation des plaies.
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1.2 Les ulcéres de pied de patient diabétiques

Les ulceres de pied chez les patients diabétiques sont le type de plaies chroniques
le plus fréquent chez cette population[49]. Ils constituent I'une des complications
prédominantes du diabete sucré[50]. Le diabete sucré, groupe hétérogene de troubles
meétaboliques, est caractérisé par une hyperglycémie résultant d’une anomalie
carentielle de I'insuline[50]. L’hyperglycémie diabétique est biologiquement définie par

une glycémie supérieure a :

e 1,26 g/L (7 mmol/L) a deux reprises a jeun (G0), ou

e 2¢g/L (11,1 mmol/L) a n'importe quel moment de la journée.

I existe plusieurs types de diabetes sucrés. Le principal est le diabete sucré de
type 2, qui représente 90% des diabetes sucrés [51]. Les 10% restant correspondent au
diabete sucré de type 1, au diabete sucré gestationnel, aux diabetes sucrés secondaires a
une pathologie ou a un traitement médicamenteux et au diabete sucré de type
Mody[51]. Le diabete sucré est une maladie a laquelle sont associ€es plusieurs
complications complexes, graves, insidieuses et pour une majorité, chroniques[52].
L’espérance de vie d'un patient diabétique est amputée de 5 a 10 ans[52]. Sa qualité de

vie est détériorée par les complications associées au diabete.

1.2.1 Complications associées aux ulcéres de pied de patients

diabétiques

Les complications associées aux ulceres de pied chez les patients diabétiques
peuvent étre classées en 2 catégories : les complications aigués et celles

neurodégénératives.
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Les complications diabétiques aigués sont des situations d'urgence vitale[53].

Elles sont de 2 types :

e L’hypoglycémie ;
e Les 2 complications hyperglycémiques : l'acidocétose diabétique et le

syndrome d’hyperglycémie hyperosmolaire[53-56].
Les complications diabétiques chroniques correspondent a :

e L’angiopathie (Iésions vasculaires)[52] qui est classée en 2 sous-groupes :

o Les microangiopathies qui touchent les capillaires :

* De la rétine : rétinopathie diabétique pouvant déboucher sur
la cécité ;

* Des reins : néphropathie diabétique évoluant a terme en une
insuffisance rénale.

o Les macroangiopathies qui touchent les vaisseaux de plus gros
calibre. L’athérosclérose accélérée, la cardiopathie ischémique et
'artériopathie oblitérante des membres inférieurs en sont un
représentant majeur[57].

e La neuropathie diabétique qui a pour cause 'hyperglycémie constante qui
provoque un stress oxydatif des cellules nerveuses[58]. Elle consiste en
une lésion des nerfs périphériques, sensitifs, moteurs ou autonomes et est
souvent associée aux angiopathies[59]. Elle se traduit cliniquement par

une perte de sensibilité du patient au niveau des périphéries.

Une autre complication non négligeable de l'hyperglycémie persistante est
I'immunopathie. Chez les patients diabétiques, les fonctions des cellules effectrices de

I'immunité comme les phagocytes sont altérées[60].
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L’association des macroangiopathies occlusives et ischémiques, de la
neuropathie et de I'immunopathie provoque une complication majeure du diabete

sucré, les ulcérations de pied chez les patients diabétiques[61].

Le diabete sucré est un probleme majeur de santé qui touche globalement en
2021 un patient sur 10 dans le monde, soit 536 millions de personnes[62]. Les
projections estimatives ne sont pas rassurantes. En 2045, 12,2 % de la population
mondiale soit 783,2 millions de patients seront atteints de diabete sucré[62]. Parmi cette
population de patients diabétiques, une proportion de 15 a 25%[63] voire 34%][5]sera au
moins une fois au cours de sa vie touchée par des problemes d"ulceres de pied. 65% des
ulceres de pied chez les patients diabétique est persistant apres 5 ans[64]. Du fait de la
colonisation naturelle des plaies, du dysfonctionnement immunitaire et de la faible
perfusion sanguine liés a la pathologie sous-jacente, les ulceres de pied chez les patients
diabétiques sont fréquemment sujets aux infections. 50 a 80% des ulceres présenteront
une infection[65]. La nature infectieuse de ces ulceres peut varier de ’hypodermite
superficielle a wune gangrene[61]. L’infection sévere augmente le risque
d’amputation[57,65,66]. Le poids des complications infectieuses est tel que leurs
préventions et traitements sont intégrés dans la classification et la prise en charge des

ulceres de pied chez les patients diabétiques.

1.2.2 Classification des ulceres de pied de patients diabétiques

Le groupe de travail international sur les ulceres de pied chez les patients
diabétiques (International Working Group on the Diabetic Foot IWGDF)) a établi une

classification des ulceres de pied en 4 grades selon le statut infectieux[67].

e Le grade 1 correspond a une plaie non infectée et donc sans signes

d’inflammation ou de purulence.
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e Le grade 2 représente les plaies avec une infection mineure définie
par:

o Au moins 2 manifestations d’inflammation (purulence,
érytheme, chaleur ou induration), mais sans cellulite
(hypodermite) ou extension de I'érytheme ou

o Un diametre <2 cm autour de la plaie, et une infection limitée a
la peau ou aux tissus subcutanés superficiels avec une absence
d’autres complications locales ou de maladies systémiques.

e Le grade 3 regroupe les plaies avec une infection modérée définie par
un patient systémiquement en bonne santé mais avec au moins une
des caractéristiques cliniques suivants :

o Cellulite (hypodermite) s’étendant a plus de 2cm ;

o Stries lymphangitiques s’étendant au-dela du fascia superficiel ;

o Abces des tissus profonds ;

o Gangrene;

o Implication du muscle, du tendon, de I'articulation ou de I'os.

e Le grade 4 regroupe les plaies avec une infection sévere ci-apres
définie : Infection chez un patient avec une toxicité systémique ou une
instabilité métabolique (par exemple: fievre, frissons, tachycardie,
hypotension, confusion, vomissement, hyperleucocytose, acidose,

hyperglycémie sévere, azotémie)

Cette classification présente également 1’avantage d’orienter la décision clinique
de la prise en charge[68]. Elle permet de prédire la nécessité d’une hospitalisation[69]

ainsi que le risque d’amputation[70].
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1.2.3 Prise en charge des ulceres de pied de patients diabéetiques

La prise en charge des plaies chroniques, au-dela du traitement de la pathologie
initiale sous-jacente est structurée autour de 4 étapes principales. La premiere étape est
le nettoyage ou irrigation de la plaie qui favorise un environnement humide, favorable
a la cicatrisation[71]. La deuxieme étape consiste en un débridement de la plaie. Ce
débridement consiste en I'élimination du tissu mort dévitalisé ou nécrosé autour de la
plaie ou dans la plaie jusqu'a exposition du tissu sain [72,73]. La troisieme étape
consiste en I'apposition d'un pansement adapté au type de plaie. La quatrieme étape ne
s‘applique qu’en cas d’infection avérée. Elle consiste en l’administration d’une

antibiothérapie adaptée a I'infection documentée[74].

L’étape de débridement a pour but de réduire la charge microbienne présente au
niveau du lit de la plaie. L’écologie microbienne (flore, microbiote) de méme que le
microbiome des plaies chroniques comme les ulceres de pied chez les patients
diabétiques sont des facteurs importants a prendre en compte dans leur prise en charge.
Elle participe a la chronicité et a l'infection[23]. L’infection peut significativement

impacter la cicatrisation et le traitement des plaies chroniques[72].

1.2.4 Ecologie bactérienne des ulcéres de pied de patients diabétiques

La peau humaine est naturellement colonisée par des microorganismes qui
forment le microbiote cutané[75]. En effet, la peau possede une flore ou microbiote
cutanée résidente et une autre, transitoire. Le microbiote résident représente I'ensemble
des micro-organismes naturellement implantés sur et dans la couche épidermique au
niveau de la couche cornée et des follicules pileux. Elle joue un double role protecteur :
empécher l'implantation de microorganismes exogenes et participer a 1'équilibre

biochimique de cet écosysteme[76]. La flore transitoire représente I’ensemble des micro-
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organismes présents transitoirement au niveau des couches superficielles de I'épiderme.
Ces micro-organismes sont issus des contacts de la peau avec son environnement
(surfaces inertes, autres individus, etc.)[76]. De ces microbiotes tres diversifiés font
partie des pathogenes opportunistes et des bactéries anaérobies dont la présence a été
corrélée avec une chronicité des plaies[77,78]. On trouve par ordre décroissant
d’abondance numéraire, les genres Staphylococcus (avec une prédominance de S .hominis
et S .capitis), Corynebacteria, Propionibacteria, Pseudomonas, Micrococcus, Enhydrobacter, et
Kocuria[79]. Les plaies offrent une opportunité aux microorganismes environnementaux
et ceux du microbiote de la peau de passer la barriere anatomique cutanée pour se
nicher dans les tissus sous-jacents qui présentent des conditions de développement
optimales[49,80]. L’analyse de I’écologie microbienne des plaies chroniques montre une
dysbiose du microbiome de la peau qui favoriserait les complications infectieuses[81].
Méme si le genre Staphylococcus est encore majoritaire au niveau du microbiote des
plaies chroniques, Staphylococcus aureus constitue l'espece bactérienne prédominante
retrouvée dans les cultures de plaies chroniques, particulierement les ulceres chez les
patients diabétiques[9,10,23]. Parmi les especes fréquemment isolées figurent
Pseudomonas, Corynebacterium spp., Streptococcus spp, Enterobacteriacae, Anaerococcus spp.,
et Enterococcus spp. [66,82,83]. La présence d’especes fongiques au niveau du microbiote
des plaies chroniques est aussi rapportée dans la littérature avec une majorité du genre
Candida (C. albicans, C. parapsilosis)[84,85]. Une perte de diversité du microbiote a
également été démontrée au niveau du microbiote des plaies chroniques avec une
médiane de 5 especes [77] dont une a 2 prédominantes[86]. Certaines especes présentent
des particularités. L’augmentation de P. aeruginosa dans le microbiote est associ€e a un
allongement du délai de guérison des plaies[87]. La chronicité d'une plaie est également

significativement corrélée aux anaérobies facultatives[79].
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Toutefois, la difficulté d’une plaie a cicatriser ne saurait étre rattachée a un
microorganisme en particulier[88]. Elle est modulée par les interactions bactériennes de
I'ensemble des microorganismes du microbiote des plaies chroniques[89]. Ces
interactions modulent la virulence des différents microorganismes pour affaiblir le

systeme immunitaire[10].

La complexité de ces interactions est favorisée par le microenvironnement des
plaies chroniques mais surtout par I'organisation structurelle des microorganismes en

biofilm qui favorise leur persistance et la chronicité de la plaie[10,90].

1.3 Le Biofilm

Le biofilm est un mode de développement des microorganismes[91]. Le biofilm
serait présent dans l'environnement depuis 3,4 milliards d’années[92]. Il est considéré
comme une stratégie de survie [44,91] et d’adaptation des microorganismes aux
conditions nutritionnelles et environnementales[91,93,94]. Les microorganismes
peuvent se développer sous forme planctonique(cellule isolée et libre) ou sous forme
sessile (agrégats)[91]. Quand les conditions de développement deviennent hostiles, les
microorganismes se développent sous forme de biofilm. Ils adherent entre eux et
accessoirement a une interface, forment des micro-agrégats. Il est communément admis
que ces agrégats ne sont pas composés dune seule espece mais de plusieurs especes
organisées sous forme de consortium[91]. Ils produisent en complément une matrice
extracellulaire polymérique protectrice[44,91,95-97]. Cette matrice est considérée
comme la « maison des cellules du biofilm »[98]. Elle est la composante principale a
hauteur de 50 a 90% des biofilms[99]. Elle encapsule les microorganismes et elle établit

leur conformation structurelle[91].
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1.3.1 Développement du biofilm

Le développement des microorganismes sous forme de biofilm peut
schématiquement se décrire comme axé autour de 5 principales étapes. Ces étapes ne
sont ni chronologiques, ni individuelles. Elles peuvent se chevaucher, faisant de la

formation du biofilm, un mécanisme complexe et dynamique [96]. Ces 5 étapes sont :

1. Adsorption,

2. Adhésion,
3. Formation de micro-colonies ou agrégats,
4. Maturation,
5. Dispersion.

L’étape d’adsorption d'une bactérie planctonique a une surface se produit sous
'effet de forces gravitationnelles[100] et d’interactions spécifiques ou non spécifiques
entre la surface et la bactérie[101]. Ces interactions sont médiées par des appendices de
locomotion : les flagelles et les pili[96]. Ces interactions permettent a la bactérie
d’explorer et d’analyser la surface d’adsorption [102], le microenvironnement local de
cette surface [103,104] et de s’y adapter a travers une série d’attachement et de

détachement successifs[105,106].

Pendant I'étape d’adhésion, I’attachement de la cellule bactérienne a la surface se
renforce et se stabilise [107] jusqu’a I'atteinte d’un état d’irréversibilité[106]. Ces deux
premieres étapes sont déterminantes pour la poursuite du cycle de formation du
biofilm[108]. C’est pendant ces étapes que se produit 'adaptation des bactéries avec la
cascade de modifications métaboliques [109], biochimiques et régulatrices de la
virulence (pour permettre la modulation de la réaction immunitaire de I'hote) [96,110],

nécessaire a un développement en mode biofilm[96].
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La troisieme étape, qui est celle de croissance et de division cellulaire aboutit a la
formation de micro-colonies ou agrégats[91]. Apres l’établissement d’une forte
adhésion, les cellules bactériennes proliferent et se divisent par fission binaire [97]ou
division asymétrique[102,111]. La prolifération cellulaire s’amplifie et la surface est
colonisée. Il s’en suit une activation de messagers secondaires et une sécrétion initiale
de la matrice extracellulaire[112]. Cette matrice initiale fait office de support structurel.
Elle permet la communication cellulaire indispensable a la stabilisation des agrégats et a
I'organisation du biofilm[113,114]. Une fois une premiere couche initiale de biofilm
formée, plusieurs autres couches s’y rajoutent par l'accumulation des cellules,

contribuant a la densité et la conformation 3D du biofilm[115].

La quatrieme étape de développement du biofilm est la maturation. Cette étape
est modulée par la communication de cellule a cellule encore appelée « Quorum
sensing »[116]. Durant cette étape, la structure du biofilm est stabilisée. Les agrégats
augmentent de taille et deviennent des macro-agrégats ou « tours »[117]. Le biofilm
mature est constitué de macro-agrégats séparés par un réseau de canaux bien défini[96].
Il est majoritairement polymicrobien[96]. Les interactions entre les différentes especes
formant le biofilm sont estimées étre en faveur d'une coopération synergique[118].
Cette coopération modulerait la densité du biofilm, la résistance aux antimicrobiens et
les facteurs de virulence[119,120]. Elle modulerait également la distribution spatiale

inter-espece (ségrégation[121], mixité[122] ou stratification spatiale[122,123]).

Apres 1'étape de maturation, le détachement ou la dispersion de portions de
biofilm induirait une perte structurelle partielle[96]. Le détachement est un processus
passif en réponse a un stress mécanique ou pressionnel[124]. La dispersion est un
mécanisme actif interne bien régulé au sein du biofilm[125]. L'impulsion de dispersion
peut provenir d'une altération du microenvironnement ou d'un signal interne du

biofilm en cas de nécessité de remodelage structurel[96]. Des cellules individuelles ou
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des agrégats peuvent étre libérées du biofilm a cette étape[126]. Ils sont disponibles

pour un nouveau cycle de formation de biofilm.

Les étapes de développement du biofilm apparaissent donc cycliques, complexes
et dynamiques. C’est de la que provient toute la difficulté a établir des modeles d’étude

pouvant refléter cette complexité.

1.3.2 Modeles d’étude des biofilms

Plusieurs modeles d’étude du biofilm existent actuellement. On peut les classer

en 2 types selon I'utilisation de matériel vivant ou non.

Les modeles in vivo sont des modeles utilisant des étres vivants animaux. La
formation de biofilm sur les plaies est tres rapide, ce qui empécherait la réalisation
d’études pertinentes sur les interactions entre I’organisme humaine et le biofilm[44]. Les
modeles vivants sont variés allant de la mouche (Drosophila melanogaster)[127] au porc
[128] en passant par le lapin[129] ou le rat[130]. Néanmoins, malgré leur onérosité, la
transposition des résultats obtenus avec ces modeles a 'humain est tres relative,
puisque les systemes immunitaires sont différents[44]. Les modeles in vivo reproduisent
difficilement le microenvironnement des plaies chroniques[131]. Ils portent souvent sur
des animaux sains, sont onéreux, non reproductibles et les études sont longues[96].
Actuellement, aucun modele in vivo d’étude du biofilm n’est en mesure de mimer la
combinaison des caractéristiques de la peau humaine, du processus de guérison et de la

réponse immunitaire[30].

Les modeles in vitro sont des modeles qui n"utilisent pas de sujet vivant (humain
ou animal). Ce sont les modeles les plus simples et les moins onéreux [96]. Les modeles
in vitro sont de 2 types. Les modeles statiques ou fermés sont les premiers modeles qui

ont historiquement été utilisés pour étudier le biofilm. Les premiers modeéles in vitro
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statique décrits datent de 1935[132]. Comparativement aux modeles in vivo, ils sont
moins complexes, moins colteux, de réalisation plus rapide et reproductibles[44].
L’apport nutritionnel est limité dans les modeles in vitro statiques. Il y a également une
accumulation de déchets métaboliques[133]. L’absence de modulation de flux dans ces
modeles ne permet pas de mimer le flux des fluides vasculaires dans une plaie. La mise
en place des modeles in vitro statique d’étude du biofilm demande peu de matériel
spécialisé[96]. IIs permettent d’étudier certaines étapes ou caractéristiques spécifiques
du biofilm, en particulier les premieres étapes de formation. Le Biofilm ring Test
(BRT)® par exemple, permet d’étudier la capacité d’adhésion des souches et par

extension la capacité de formation du biofilm (Figure 2)[134].
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Figure 2 : Principe du Biofilm Ring test®

Méme si chacun des modeles in vitro a ses limites propres, certaines limites sont
communes. Globalement la simplicité des modeles in vitro statiques d’étude de biofilm
les limite a 1'étude d’une des étapes de la formation du biofilm. Une autre des limites
communes des modeles in vitro statiques est 'absence des interactions avec I'hote et

I'inadéquation avec le microenvironnement des plaies chroniques[44,96]. Néanmoins a
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cause de ces limitations, les modeles d’étude du biofilm ont peu a peu évolué vers des
modeles dynamiques ou ouverts plus complexes. Ces modeles dynamiques, plus
récents permettent un apport continu de nutriments, un flux, et des forces de pression
ajustables. Méme si leur mise en place est plus longue et requiert des équipements
spécialisés, ils permettent de reproduire au mieux certaines conditions retrouvées en

pratique clinique[131].

1.3.3 Biofilm et ulceres de pied de patients diabétiques

\

Les infections chroniques sont associés dans 50 a 90% a des biofilms

[5,39,45,96,135]. C’est le cas des ulceres de pied chez les patients diabétiques[45].

Plusieurs facteurs concourent a privilégier le développent sous forme de biofilm
des microorganismes des ulceres de pied chez les patients diabétiques[136], et par
extension, leur chronicité. On peut citer entre autres la diversité du microbiote et le
microenvironnement favorable au développement du biofilm[96,136,137]. En outre, le
biofilm utilise certaines stratégies pour assurer sa persistance et par la méme, la

chronicité des plaies [96].

Le développement sous forme de biofilm favorise les interactions bactériennes
via le quorum sensing[96]. Les bactéries sessiles a l'intérieur du biofilm peuvent
promouvoir une coopération métabolique et une régulation de leurs geénes en faveur de
la survie des différentes especes[136]. Ainsi, un biofilm polymicrobien composé de P.
aeruginosa , Enterococcus faecalis, Acinetobacter baumannii, et S. aureus s'est révélé
beaucoup plus dense et plus difficile a éradiquer que du biofilm mono espece de ces

souches[138].

Le profil transcriptomique de certaines souches de P. aeruginosa isolées d’ulceres

de pied chez les patients diabétiques est modifié. Les genes de résistance aux
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antibiotiques incluant ceux codants pour les pompes d’efflux sont surexprimés[139]. 1l
en est de méme pour des souches de S. aureus qui ont exprimé des changements dans
plusieurs voies métaboliques en plus de l'augmentation des genes codant pour leur
virulence[140]. Grace a la coopération métabolique et la régulation des genes entre les
différents microorganismes le constituant, le biofilm polymicrobien a une capacité
remarquable d’adaptation dans différents environnements[136]. Plus généralement,
I'expression des genes de virulence ainsi que les modifications métaboliques

contribuent a la persistance du biofilm dans les plaies chroniques[139].

Le biofilm module et échappe au systeme immunitaire de I'hote. Il a la capacité
de déclencher l'apoptose (mort cellulaire programmeée) des tissus humains et des
cellules immunitaires[141]. Le biofilm participe a l'inflammation chronique du
microenvironnement des plaies chroniques en augmentant la sécrétion des cytokines
pro-inflammatoires[142] et des protéases[96]. Cette inflammation est a 1’origine d’une

dégradation cellulaire accrue qui sert de substrat au cycle de formation du biofilm [96].

Le role du biofilm dans le maintien du microenvironnement des plaies
chroniques ne se limite pas a l'inflammation. Les bactéries du biofilm consomment
aussi de l'oxygene, contribuant ainsi a la déplétion oxygénique qui favorise ce

microenvironnement[27,32].

Les bactéries se développant sous forme de biofilm auraient la capacité de
ralentir leur développement métabolique, pour augmenter leur survie entrainant ainsi
la chronicité du biofilm[30,136]. Aussi, la localisation spatiale en profondeur du biofilm
dans une plaie peut affecter sa survie en empéchant I’action des traitements antibiofilm

qui auraient du mal a 'atteindre[143].

La matrice extra-cellulaire du biofilm des plaies chroniques a été décrite comme
contenant non seulement des composants des microorganismes (exopolysaccharides,

protéines, ADN extra-cellulaire, lipides...) mais aussi des composants de 1'hdte comme
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de la fibrine ou du collagene[144,145]. La matrice extracellulaire peut moduler le
microenvironnement pour faciliter I'adaptation des microorganismes a l'intérieur du
biofilm[145]. Elle protege également les microorganismes assemblés sous forme de
biofilm contre les attaques : celles des prédateurs, les attaques immunitaires des hotes
en cas d’infection[146-148] ou celle des antibiotiques[149,150]. Cette matrice est
également supposée jouer un role dans la formation du réseau de communication et de

signalement du biofilm[151,152].

Les données rattachant le biofilm a la chronicité des plaies sont de plus en plus
probantes, motivant les stratégies de prise en charge a intégrer des stratégies
antibiofilm[5,7,46,47,71,135]. Ce role prépondérant du biofilm dans la chronicité des
ulceres du pied chez les patients diabétiques est encore plus préoccupant quand les
ulceres s’infectent. L’identification des microorganismes par la culture ne permet pas
d’établir le diagnostic d’infection puisque la peau et les plaies sont naturellement
colonisées par des microorganismes[153]. La distinction entre colonisation et infection
est des lors délicate, provoquant une utilisation excessive d’antibiotiques chez les
patients atteints de plaies chroniques[154]. Cette pratique a fortement contribué a la
problématique grandissante d’antibiorésistance[155]. Aussi, dans l'idée de palier
I'antibiorésistance et limiter l'utilisation des antibiotiques, plusieurs stratégies
alternatives de prise en charge des ulceres de pied chez les patients diabétiques sont
envisageées[156,157]. Les antiseptiques sont 1'une de ces stratégies[158]. Le role des
antiseptiques dans la prise en charge des ulceres de pied chez les patients diabétiques

n’est pas censé se limiter au traitement des infections.
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1.4 Antiseptiques

D’apres 'association frangaise de normalisation (AFNOR), les antiseptiques sont
des produits ou procédés utilisés pour I'antisepsie dans des conditions définies. Si le
produit ou le procédé est sélectif, ceci doit étre précisé. Ainsi un antiseptique ayant une
action limitée aux champignons est désigné comme antiseptique a action fongicide[161].
Toujours d’apres ’AFNOR, l’antisepsie est une opération au résultat momentané
permettant, au niveau des tissus vivants, dans la limite de leur tolérance, d’éliminer ou
de tuer les micro-organismes, et/ou d’inactiver les virus, en fonction des objectifs fixés.
Le résultat de cette opération est limité aux micro-organismes et/ou virus présents au

moment de I'opération[161].

Réglementairement, les antiseptiques sont des médicaments (Article L-511-1 du
code de la santé publique) et possedent une Autorisation de Mise sur le Marché (AMM).
Certaines substances avec une activité antiseptique rentrent dans le cadre réglementaire
des dispositifs médicaux (directives 90/385/CEE relative aux dispositifs médicaux

implantables actifs et 93/42/CEE du 14 juin 1993 relative aux dispositifs médicaux).

Selon les définitions européennes ci-dessus, les antiseptiques sont des
médicaments. Les dérivés d’argent ne possedent pas d’AMM dans cette indication et

par conséquent ne sont pas des agents antiseptiques[162].

1.4.1 Classification et mode d’action des antiseptiques

Il existe plusieurs familles d’antiseptiques dont les principales utilisées sont :

e La famille des alcools (60 a90°)
e Les dérivés halogénés avec comme principaux composés utilisés :

o Hypochlorite de Sodium
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o PolyVinylPyrrolidonelodine (PVPI)
e Lesbiguanides comme
o La chlorhexidine
o Polyhexamethylene Biguanide (PHMB)
e Les ammoniums quaternaires comme
o L’octénidine
o Le chlorure ou bromure de benzalkonium

e Les oxydants comme l'eau oxygénée ou le peroxyde d’hydrogene

e Les carbanilides comme "hexamidine

Ces différentes familles ont différentes activités sur les bactéries comme résumé

dans le tableau 1.

Tableau 1 : Exemples de spectre d’activité antimicrobienne pour les principales classes
d’antiseptiques dans des conditions d’utilisation prolongée et/ou itérative sur la peau en prenant en

compte la concentration du principe actif et le temps de contact d’aprés le CCLIN Sud-ouest.

" Familles ' Bactéries végétatives " Fungi
d'antiseptiques” Gram + Gram - CMN™

_Alcool 70° BC+ SL BC+ SL  BC+ FC+ SL
Halogénés

PVP110% BC +++ 5L BC +++ 5L BC ++ FC +++ SL
D. chlores 0.5% BC +++ 5L BC +++ SL BC ++ FC +++ SL

Biguanides

“Chlorhexidine 2% _ BC +++SL _ _BC +++ 5l AN FC++ SI
Ammoniums
_quatemaires BC ++ SL BC ++ -_S!_“_ AN FC+ 3l
Oxydants
Eauoxygénee BC+ SL BC+ 5SL AN FC+ SL
BC : Bactericide +++ glevee ++ moyenne + faible
AN : Activite nulle FC : Fongicide
5L : Spectre Large 51 : Spectre Incomplet

* les exemples proposés pour chacune des familles ne sont pas exhaustifs et se référent aux atudes
disponibles.

** CMN : Actinobactéries soit Corynebacterium, Mycobacterium, Nocardia
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Plusieurs modes d’actions sont décrits pour l’activité antimicrobienne des
antiseptiques. L’activité du PHMB et de I'octénidine par exemple passe par une fixation
sur la membrane. Concernant le PHMB, cette fixation est suivie d'une perturbation de
I'intégrité de la membrane bactérienne avec une fuite d’enzymes et de cytokines, une
condensation chromosomique, I'arrét de la réplication cellulaire et une entrave aux
mécanismes de réparation de ’ADN [163,164]. La finalité est une mort cellulaire par
nécrose[165,166]. L’ octénidine de son coté apres fixation sur la membrane, la désintegre

aussi, entraine une perte de matériel génétique et la lyse cellulaire[167].

Un autre mode d’action décrit est la dégradation des protéines. C’est celui utilisé
par la PVPL. La PVPI interagit avec des sites d’insaturation des lipides et oxyde les
groupes sulfhydrile. Elle entraine une dégradation protéique qui interfere avec la
formation des groupements d’hydrogenes de I’ADN et des acides aminés des
microorganismes. La résultante est l'instabilité du matériel nucléique et la lyse

cellulaire[168].

Un troisieme mode d’action est l'oxydation. Il est retrouvé avec le péroxyde
d’hydrogeéne. Ce composé qui est naturellement retrouvé dans les processus de
cicatrisation des plaies[169], génere des especes oxygénoréactives comme les radicaux
hydroxyles qui provoquent une peroxydation lipidique qui endommagent I’ADN,

induisant une mort cellulaire[169].

Certains antiseptiques associent plusieurs mécanismes d’action. C’est le cas de
I'hypochlorite de sodium qui combine la fixation a la membrane, la formation

d’espeéces oxygénoréactives et la dégradation protéique [170].
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1.4.2 Evaluation clinique de l'utilisation des antiseptiques

dans la prise en charge des plaies chroniques

Actuellement, malgré plusieurs recommandations qui les positionnent dans cette
indication, [8,158,162,171,172], il n’existe pas de consensus européen pour l'utilisation
des antiseptiques dans la prise en charge des plaies chroniques. Les antiseptiques ne
sont pas recommandés voire sont contre-indiqués dans cette indication (Figure 3). Le
sérum physiologique reste le soluté principal recommandé pour l'irrigation des plaies

chroniques[74].

ATS ef plaies carle mondiale

documentée

Figure 3 : Etat des lieux des différentes recommandations concernant l'indication des
antiseptiques dans la prise en charge des plaies chroniques. Réalisé avec mapchart.net

Les antiseptiques peuvent étre utilisés a 1'étape de nettoyage de la plaie pour
maintenir le lit de la plaie humide[173]. IIs peuvent aussi compléter le débridement
mécanique des plaies chroniques[159]. En effet, le débridement mécanique des plaies

chroniques est documenté incomplet pour éradiquer le biofilm, avec 10 a 15% de
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biofilm résiduel post débridement [160]. Du fait de leur spectre d’activité, ils peuvent

aussi participer a limiter les infections des plaies chroniques.

Plusieurs solutions antiseptiques sont d’ailleurs positionnées comme des
composés antibiofilm et des solutions d’irrigation dans la prise en charge des plaies
chroniques. Il s’agit notamment de la PVPI, de 1 ‘hypochlorite de sodium, du PHMB et
de l'octénidine [173-175]. De plus, la littérature est de plus en plus abondante sur
I'utilisation des antiseptiques dans la prise en charge des plaies chroniques, notamment
a l'international[176-193]. Il nous apparaissait donc important d’évaluer la littérature a

ce sujet pour trier les informations et ne retenir que les études cliniques de qualité.
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Publication scientifique N°1 : Contexte et résumé introductif

Ce travail était introductif du sujet de recherche de la these. Les antiseptiques
sont contre-indiqués dans la prise en charge des plaies chroniques en France[74].
Cependant, des données internationales mettent en avant leurs avantages pour la
cicatrisation des plaies, leur effet antimicrobien, antibiofilm et irrigant des plaies
chroniques[158,162,171,172,194]. Aussi, il était nécessaire de faire un état des lieux des
données pertinentes de la littérature disponibles sur le sujet. Nous avons donc réalisé
une revue systématique de la littérature portant sur toutes les études cliniques ayant

évalué 'efficacité des antiseptiques sur les plaies chroniques[74].

La méthodologie de cette revue a été établie en nous basant sur les
recommandations du groupe Cochrane[195] et sur la méthodologie PRISMA (Preferred
Reporting Items for Systematic Review and Meta-Analyses)[196]. Une suite de mots clés
a été définie pour identifier les articles publiés sur les études cliniques évaluant les 4
antiseptiques recommandés dans la prise en charge des plaies chroniques, a savoir
hypochlorite de sodium, PVPI, PHMB et octénidine[171]. Les articles et études ciblés
étaient ceux qui ont évalué la guérison clinique des plaies chroniques avec une
utilisation de solutions antiseptiques, en comparaison a d’autres solutions antiseptiques
ou de sérum physiologique. Nous avons défini la guérison clinique des plaies comme la
cicatrisation complete. La population ciblée était les patients de plus de 18ans avec une
plaie chronique (ulcere des pieds chez les patients diabétiques, escarres de décubitus,
ulceres veineux ou artériels de la jambe). Les plaies de briilure, les plaies de site
opératoire, d’armes a feu ont été exclues au vu de leur prise en charge particuliere. En

cas d’absence de guérison, nous avons cherché la vitesse de réduction du diametre des
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plaies. Nous avons exclu les études ou I'utilisation des antiseptiques était concomitante
a celle d’autres traitements ou thérapies avec un effet soupgonné ou avéré dans la
guérison des plaies chroniques. Il en fut de méme pour les articles rapportant des
études ou les antiseptiques ou le sérum physiologique n’étaient pas la seule différence
entre les 2 groupes de patients comparés dans l'analyse. Accessoirement, nous avons
relevé la présence d’effets indésirables comme la douleur a l'utilisation, l’allergie,
I'infection des plaies, la charge bactérienne au niveau de la plaie, I’apparition d’odeur. 4
bases de données ont été scrutées : PubMed, Cochrane, google scholar et Embase. Nous
avons extrait tous les articles récupérés sur les différentes bases données. Il s’en est suivi
une sélection sur 3 criteres : le titre, le résumé et la lecture globale. Un controle de la
sélection a été effectué par un deuxiéme auteur. Un comité de validation des articles
constitué de 3 auteurs a été formé pour la validation et la discussion des articles et
études a intégrer dans la revue a la suite de ce contrdle. Nous avons évalué le risque de
biais avec I'outil Rob checklist de la deuxieme version du guide Cochrane pour les
revues systématiques. La qualité des informations rapportées quant a elle, a été évaluée
avec le logiciel du systeme de graduation GRADE (Grading of Recommendations

Assessment Development and Evaluation) [197].

Sur 838 études identifiées, 6 portantes sur 725 patients ont été retenues, jugées
pertinentes et incluses dans 1'étude. 3 études portaient sur la PVPI[182,183,185], 2 sur le
PHMB[186,198] et une sur l'octénidine[184]. Aucune étude clinique respectant les
exigences des criteres de sélection n’a pu étre extraite sur I'’hypochlorite de sodium. De
méme, aucune étude clinique de qualité n’a comparé les différents antiseptiques entre
eux. Les antiseptiques étaient comparés au sérum physiologique dans toutes les études
incluses. Les différences de population ont empéché la comparaison par une méta-
analyse des antiseptiques entre eux. Des 3 antiseptiques évalués parmi les articles

extraits, I'iodine était le seul a montrer une activité supérieure au sérum physiologique.
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Aucun des 3 antiseptiques évalués n’a présenté plus d’effets indésirables que le sérum
physiologique. Aucune des études n’a évalué la présence de biofilm. Les 2 études qui
ont évalué le risque infectieux se sont focalisées sur la charge bactérienne. Les études se
sont étendues sur 4 a 24 semaines. Elles portaient sur plusieurs types de plaies : les
ulceres de pied chez les patient diabétiques, les ulceres veineux de la jambe, et les
ulceres artériels de la jambe. Toutes les études étaient multicentriques. Elles se sont
déroulées dans 55 centres hospitaliers a travers 8 pays: La France, la Corée du Sud,
I'Inde, la Hongrie, le Royaume-Uni, les Etats-Unis, le Canada et L’Italie. Toutes les
études ont évalué la vitesse de guérison clinique a travers la vitesse de réduction du
diametre des plaies mais seulement 3 d’entre elles ont rapporté la guérison complete. 4
études ont évalué les effets indésirables. Le risque de biais était élevé pour une étude et
incertain sur les 5 autres. Le domaine majeur de source de biais était le secret de
I'information sur 1’objectif de 1’étude. La qualité globale des informations rapportées

par l'étude était modérée pour 'iodine, élevée pour le PHMB et basse pour ’octénidine.

En conclusion, des 838 études identifiées par nos méthodes de recherche, seules 6
ont été jugées pertinentes selon nos criteres de sélection. Cette revue révele le gap dans
la littérature sur l'utilisation des antiseptiques dans la prise en charge des plaies
chroniques. Tout cela malgré 1'existence de recommandations qui mettent en avant leur
utilisation en pratique clinique. Seule I'iodine a montré une supériorité face au sérum
physiologique dans la guérison des plaies chroniques. Aussi, il est impossible a I'heure
actuelle de recommander un antiseptique en premiere intention dans la prise en charge
des plaies chroniques. De meilleures études cliniques portant sur la cicatrisation
complete des plaies chroniques avec plusieurs bras de différents antiseptiques sont

nécessaires pour tirer cette conclusion.
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Abstract: In many parts of the world, antiseptic agents remain non-indicated in chronic wound care.
In the current context of bacterial resistance to antibiotics and the development of new-generation
antiseptic agents, wound antisepsis represents an asset for the prevention of wound infection. We
aimed to evaluate four common anbseptic agents in chronic wound care complete healing. The
meview protocol was based on the Cochrane Handbook for Systematic Reviews of Intervention and
devised in accordance with the Preferred Reporting Items for Systematic Review and Meta-Analyses
(PRISMA ) statement guidelines. Five databases and three clinical trials registries were searched from
inception to 30 June 2021 without language restrictions. We included randomised trials evaluating
the efficacy of antiseptic agents in chronic wound care in adults. Interventions considered werne
those using antiseptics for cleansing or within a dressing. Risk of bias was assessed using the
bias excel tool provided by the Bristol Academy. Evidence quality was assessed using Grading of
Recommendation Assessment, Development and Evaluation (GRADE) criteria. Of 838 studies, 6
wene finally included, with a total of 725 patients. The included studies assessed iodine (cadexomer
or povidone iodine) (r = 3), polyhexanide (n = 2), and octenidine (1 = 1). Limited evidence suggested
a better wound healing completion with iodine compared to saline (two randomised controlled trials
(RCT), 195 patients, pooled RR 1.85 (95%CI (1.27 to 2.69)), moderate-quality evidence). There was not
enough evidence to suggest a difference in wound healing using octenidine or polyhexamide. None
of the antise ptic agents influenced adverse event occurrence compared to saline,

Keywords: antiseptic agents; e fficiency; iodine; systematic review; wound healing; wound infection

1. Introduction

Chronic wounds are wounds failing to proceed through the normal phases of healing
in an orderly and timely manner. The definition of time without complete or partial
healing differs across countries, ranging from 4 weeks to 3 months [1]. The Wound Healing
Society defines four types of chronic wounds: diabetic foot ulcers (DFU), vascular ulcers
(containing venous and arterial ulcers), and pressure ulcers (PU) [2].

Infection is a common complication of chronic wounds. Historically, the research
on wound infection control and improvement was focused on reducing the “pathogen
burden”. However, quantitative consideration of microbial load is insufficient for assessing
wound improvement or wound risk of infection [3,4]. Microorganisms in a chronic wound
are co-aggregated together within a protective extracellular matrix, constituting a biofilm.
This biofilm conformation induces a dramatically increased tolerance to host immune
defences and a greater resistance to antimicrobials [5]. Biofilm delays wound healing by
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inducing an ineffective host inflammatory response and damaging host tissues [6]. For
this reason, a management of the biofilm is more relevant for the treatment of chronic
wound [7]. In 2011, Dissemond et al. classified wounds into four categories, depending on
wound bed clinical and microbiological situation: (1) contaminated or colonised wounds
without risk of infection; (2) colonised wounds at risk (WAR) or critically colonised wounds;
(3) wounds with local infection; and (4) systemic infections and infected wounds. The
authors suggested the use of antiseptic agents for wounds from the second category
alongside other treatments [8].

Chronic wound care commences with wound bed preparation via (i) wound cleansing
to create a wet or moist environment, favourable to healing. (i) Wound debridement via
removal of devitalised, contaminated tissue from within or adjacent to a wound, until
surrounding healthy tissue is exposed [9,10]. Debridement can be mechanical (sharp de-
bridement, surgical), enzymatical, or bio-surgical (e.g., maggot therapy) [11-15]. Negative
pressure wound therapy has also been used for bacterial decontamination and wound bed
preparation [16]. (iii) Application of a suitable dressing, according to the type of wound.
(iv) Antibiotic treatment, exclusively for infected wounds. Other therapies are beneficial to
specific wounds: compression therapy is required for venous leg ulcers (VLU) [17]; arterial
revascularisation, offloading foot ulcers, and diabetes control are essential in DFU [18,19];
and skin assessment and care, offloading and pressure redistribution, dressings [19,20],
and structured educational program are useful for all types of chronic wounds.

In some countries, tap water or saline remain the only recommended agents for wound
cleansing. Antisepsis is a common, yet controversial, wound cleansing method. Some stud-
ies consider debridement alone insufficient to reduce the biofilm that delays wound healing
and suggest antiseptics to delay biofilm reformation and reduce the risk of infection [7,20].
Antiseptic agents may complement the debridement process and control infection.

The primary mode of action of antiseptics can be pharmacological, metabolic, and /or
immunological [21]. For the purpose of this review, antiseptic agents are defined as
medication that can prevent the growth or destroy microorganisms in or on a living
tissue. Following this definition of medication, antiseptic agents must pass through a
drug authorisation procedure with a medicine agency [22]. The main antiseptic agents
used in chronic wound care are halogenated compounds, alcohol-based agents, biguanides
ie.g., polyhexanide also called polyhexamethylenebiguanide or PHMB, chlorhexidine), and
quaternary ammeniums (e.g., octenidine). Halogenated compounds include subfamilies
such as the iodine/iocdophor agents (e.g., povidone iodine, cadexomer iodine) and chlorous
agents (hypochlorite, hypochlorous acid) [21,22]. Alternative therapeutics (e.g., honey,
silver), while been antimicrobial agents are not antiseptic agents as they did not go through
an authorisation procedure for this purpose [23]. They therefore are not part of the antiseptic
agents’ classification. International guidelines recommend against the routine use of topical
antiseptics to manage infected chronic wounds [24-27].

The emergence and diffusion of multidrug resistant bacteria and a better formulation
of antiseptics with less side effects has renewed consideration of antisepsis. No resistance
or adaptation has yet been observed in antiseptic agents with unspecific effects such as
iodine agents, polyhexanide, octenidine, or oxidising agents (e.g., hypochlorous acid) [21].
In countries where antiseptic agents are a part of chronic wound care management protocol,
there is no consensus on the best antiseptic agents for chronic wound care. Cur study
aimed to assess the evidence of four common antiseptic agents on chronic wound healing,

2. Results
2.1. Characteristics of the Induded Studies

We identified 838 studies including &1 registered clinical trials through database
searching and 31 through manual searching. Of these studies, 149 duplicates were removed,
and a further 613 studies were excluded by title or abstract. Three studies could not be
retrieved and they were withdrawn from the database. We fully screened 73 studies, leaving
& studies eligible for inclusion (Figure 1) [28-33]. A tofal of 17 studies were excluded after
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full screening: 23 studies met a population exclusion criterion (10 studies were not clinical
trials and 13 studies included non-chronic or infected wounds); 21 out of 23 were identified
through databases and registers searching and the last 2 were identified via other methods.
A total of 18 studies met an intervention exclusion criterion (non-antiseptic agents or
unbalanced methodology; 16 were identified by databases or register searching and the last
2 by other methods). Nine studies met a comparison exclusion criterion (no control group),
11 studies were uncompleted or prematurely ended, and six studies were ongoing. The six
included studies were published from 1989 to 2020 and included 725 patients [28-33]. No
unpublished studies were included.

Recards ramoved bekre Records entfied from.

Webstes (n=0)

' n=0)
Citaton seaeching (n = 31)
eic.

= 149)
Records remowed for other
reascns (= 0)

Reports sought for retrieval .| Reports excluded
n=3 (n =31) (n=27)

REPOITS WSSESSE 08 EGIDIRY
exclusion crilericn (= 21) =4 Repor schuded. (124)
Reascn 2 inserventon Reason 1: poputation

Figure 1. Study flow diagram.

The included studies are listed in Table S1. No studies assessing chlorous agents met
our eligibility criteria. Saline was the comparator in all studies. None of the studies com-
pared two or more antiseptic agents. Three studies evaluated the efficacy of iodine (cadex-
omer iodine or polyvidone iodine) [28,31,32], two studies evaluated polyhexanide [30,33],
and one last study evaluated octenidine [29]. Five studies had two comparative groups of
patients, and one had three comparative groups [32]. All studies were multicentre, taking
place in 55 centres, both inpatient and outpatient settings across South Korea, India, France,
Hungary, the UK, the USA, Germany, Canada, and Italy. Different types of chronic wounds
were studied: one including DFU only [28]; one including VLU only [29]; two including PU
only [30,31]; one including DFU, VLU, and PU [32]; and the last including chronic wounds
without precision of the type of the wound [33]. The minimum duration used to define
chronic wounds ranged from 4 weeks [28,29] to 3 months [31], although others did not state
the definition, but gave the mean duration of the wounds [32], or merely described wounds
as “chronic” [33], or only gave the duration of the comorbidity [30]. Study duration ranged
from 4 weeks [30,33] to 24 weeks [31].

The seven domains of risk of bias were assessed following the Cochrane recommen-
dation of 2011 [34] and are presented in Table S2 The most common source of bias was
outcome assessment blinding (see Table S2). The Risk of Bias tool (2019) released by the
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Cochrane collaboration was also used for the risk of bias assessment and presented in
Table 53. The overall risk of bias among included studies was rated with some concerns for
five studies [28-30,32,33] and high for one [31] (Table 53). A plot of the percentage of risk of
bias assessments per domain is presented in Figure 51, as recommended by the Cochrane
collaboration tool for risk of bias assessment in randomised trials (2019 version).

Three studies reported the primary cutcome (wound healing) as the proportion of
patients with complete wound healing at 4 and 8 weeks [2Y], at 12 weeks [32], and as
healing time from wound size [29]. All studies assessed wound healing rate as wound size
reduction by planimetry measurement. Three studies assessed pain as a secondary outcome
with various pain scales (e.g., verbal rating scales, visual analogue scales) [30,31,33]. Tiwo
studies evaluated bacterial bioburden reduction [31,33]. Four studies reported adverse
events (AEs) [28,29,31,32]. No AEswere noted in the last two studies [30,33]. Table 1 reports
the summary of findings for the primary outcome and Table 54 the different outcomes
reported among the studies.

2.2, Iodine vs. Saline (3 Randomised Controlled Trials (RCT), 260 Patients)

Three studies, with a total of 260 patients, compared iodine to saline [25,31,32]. In
1984, Hollow ay et al. studied the efficacy of cadexomer iodine in 3 months venous stasis
ulcers over 24 weeks [31]. The study was rated at high risk of bias. In 2015, Raju et al. also
studied the efficacy of cadexomer iodine in the treatment of various 1 month chronic ulcers
over 12 weeks [32]. In 2019, Gwak et al. studied the efficacy of an 8 weeks treatment of
povidone iodine in patients with DFU with a mean duration of 7 weeks [28]. The risk of
bias was unclear for these studies.

Two studies assessed the primary outcome as the proportion of patients with complete
wound healing (Table 51) [28,32]. Gwak et al. observed no significant difference in the two
groups at 8 weeks (44.4% vs. 44.1%; p= 0.978) [25], whereas Raju et al. found a significant
complete wound healing for patients treated with two different formulations of cadexomer
iodine compared to saline at 12 weeks (61.9% vs. 20%; p < 0.001) [32]. The pooled data
showed that iodine has a higher percentage of patients achieving complete wound healing
(RR 1.85 (95%/CI (1.27 to 269), 1 = 2 studies, moderate quality evidence) (Table Z). In the
last study, the endpoint was the time to complete healing (Table 51) [31]. The authors found
no significant difference between the two groups (31.0 days 4 14.1 for povidone iodine vs.
33.3 £+ 126 for saline; p = 6.54).
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Table 1. Description of included studies.
. Number of . . Main Outcome  Duration of the .
Study Country Date Setting Participants Diagnosis (Secale Details) Study Intervention Comparator
March DFU = 1cm? Proportion of
Gwaketal., Multicentre post debridement  patients with o PVP-144.4% Saline 44.1%
2020 [28] Korea 2016-September 10 sites 71 and no clinical complete 8 weeks (16/36) (15/35)
2017 . . . .
signs of infection ~ wound healing
Cadexomer
Chronic ulcers Proportion of iodine ointment:
. March . (single VLU, DFU, ! . 65.9% (27/41) . o
Raju et:ﬂ., 2019 India 2016-March Mu'l_hc.‘entre 124 PU with adequate patients with 12 weeks Cadexomer Saline 20%
[32] 15 sites . complete C (8/40)
2017 arterial blood . iodine powder:
wound healing o0,
supply) - 58.1%
(25/43)
June Wound
Bellmger? etal, ltaly 2010-December Multjlf_‘entre 289 PU less tl;au improvement 1 weeks PLIMB Saline
2016 [30] / 2013 6 sites 80 cm measured by
BWAT scale tool
Time to
complete
Vanscheidt Germany, November Multicentre Chronic venous wound healing Octenidine Saline
etal, 2011 [29] France, 2007-December 15 sites 126 ulcer locally Proportion of 12 weeks 92 days 87 days
" i Hungary, UK 2009 oSt infected patients with 30.6% (15/49) 32.0% (16/50)
complete
wound healing
PHMB Saline
Sibbald et al., Canada February Multicentre 40 Chronic wounds Healing rate 4 weeks 35% reduction 28% reduction
2011 [33] 2008-April 2009 2 sites >1em? & in wound in wound
surface surface
At leas.t a venous Cadexomer .
Holloway et al Multicentre stasis ulcer iodine Saline
y el USA NG p 75 present for a Healing rate 24 weeks .2 0.41 cm? per
1989 [31] 3 sites . 0.95 cm* per
minimum of week week

3 months

BWAT, Bates Jensen Wound Assessment Tool; DFU, diabetic foot ulcer; NG, not given; PHMB, polyhexamethylenebiguanide; PU, pressure ulcer; PVP-I, povidone-iodine; VLU, venous
leg ulcer.
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Table 2. Summary of findings table with comparison between iodine and saline solution in chronic wound care.
Comparison One: Iodine Compared to Normal Saline for Chronic Wound Care
Patient or Population: Chronic Wound Care
Intervention: Iodine
Comparison: Normal Saline
Anticipated Absolute Effects * (95% CI) n s s
Outcomes P Relative Effect (95% CI) N of Pam.ﬂpants (;ertamty of the
Risk with Normal Saline Risk with lodine (Studies) Evidence (GRADE)
Proportion of patients with
complete wound healing Ty
o i o 567 per 1000 RR 1.8478 R EDHBO
assessed with: visual assessment 307 per 1000 (390 to 824) (1.2706 to 2.6874) 195 (2 RCTs) MODERATE 2
follow up: range 8 weeks to
12 weeks
Adverse events assessed with:
166 per 1000 RR 1.440 B
— . 5 3 5
report fOH?:zzi,(__,r:;:Ee 8 weeks 115 per 1000 (89 to 308) (0.774 to 2.676) 270 (3 RCTs) MODERATE 2
Raju et al. [32] found a significantly (p < 0.001) higher percentage of
reduction for both formulations of iodine (94.3% and 90.4%) compared
. . to saline (67.8%).
Ulie‘;l::;l:jng' r;:e (}':ilrll?; rate) Holloway et al. [31] found a rate reported to baseline of 0.04 £ 0.01 FOOO
s with: prar Ty cm? /week/ cm? for cadexomer iodine and 0.03 + 0.01 em?/week/cm? 270 (3 RCTs) b ed
follow-up: range 8 weeks to . g . VERY LOW <
24 weeks for saline. There was no significant difference (p = 0.079).
Gwak et al. [28] presented the healing rate with three different visual
displays showing the percentage change rate for the length, the width,
and the area. They found no difference.
P‘:ﬁ"l ::;;mgfen;fp ;}]]l;iltbf;ﬁid ) The mean rate of change in pain scores were —2.44 + 0.4 for (1RCT) EBEOO
Wi " 8 W cadexomer iodine and —2.47 £ 0.3 with saline with a p = 0.96. LOW de

up: mean 24 weeks

GRADE Working Group grades of evidence

@®®E High certainty: We are very confident that the true effect lies close to that of the estimate of the effect.

©@® Moderate certainty: We are moderately confident in the effect estimate: The true effect is likely to be close to the estimate of the effect, but there is a possibility that it is substantially different.
& Low certainty: Our confidence in the effect estimate is limited: The true effect may be substantially different from the estimate of the effect.

& Very low certainty: We have very little confidence in the effect estimate: The true effect is likely to be substantially different from the estimate of effect.

* The risk in the intervention group (and 95% confidence interval) is based on the assumed risk in the comparison group and the relative effect of the intervention (and 95% CI). CI:
confidence interval; RR: risk ratio; RCT: randomised controlled trial. (a) Missing outcome data, around 30% of patient losses during follow-up. (b) One study with a high risk of bias due
to methodology risk and both studies at risk to outcome reporting, () Different results in the two studies. (d) Selective outcome report. () Study with an overall high risk of bias.
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Among the three studies, two reported the healing rate (Table 2) [31,32]. Raju et al. pre-
sented the healing rate as reduction percentage in ulcer size from baseline to 12 weeks. They
observed a significant reduction on wounds treated with both formulations of iodine (94.3%
and 90.4%) compared to saline (67.8%) (p < 0.001) [32]. Holloway et al. defined the healing
rate as the ulcer size reduction per week per baseline size. They noted no significant differ-
ence between patients treated with cadexomer iodine versus saline (0.04 cm? JSwee k,-"q:r:n2
+0.01 vs. 0.03 & 0.01, respectively; p = 0.079) [31]. Finally, Gwak et al. reported three
indirect markers of healing rate: the percentage rate of change of wound length, width, and
area [28]. They found no difference between the two treatments. The heterogeneity of the
data prevented pooling, The quality of the evidence was very low.

Fain was only evaluated in one study [31]. No statistical difference was observed
between the two treatments (cadexomer iodine versus saline) (p = 0.98) (Table 2). The
quality of the evidence was low.

Finally, no studies evaluated the bacterial biocburden.

All three studies reported AEs [25,31,32). The pooled data showed no significant
difference between AE incidence in the iodine group compared to the saline group (RR 1.44
(95%C1L (0.77 to 268), n = 3 studies, moderate quality evidence) (Table Z).

2.3. Polyhexanide Compared to Saline (2 RCT, 334 Patients)

Two studies, with a total of 334 patients, compared polyhexanide to saline [30,33].
both with unclear risk of bias. In 2011, Sibbald et al. studied the efficacy of polyhexanide
solution in patients with chronic wounds over 4 weeks [33]. In 2016, Bellingeri et al. studied
the efficacy of polyhexanide solution in patients with PUs or mixed aeticlogies of chronic
ulcers, over 4 weeks [30]. Neither study reported wound healing, and thus the primary
outcome could not be evaluated.

The healing rate is described in Table 3 [30,33]. Bellingeri et al. evaluated healing
rate as wound improvement on the 13 item BWAT scale (Bates Jensen Wound Assessment
Tool) [20]. They observed a significantly improved healing rate in the polyhexanide group
(p=0.072), and a significantly better score at 4 weeks compared to the first week in the
experimental group (p = 0.025). Sibbald et al. calculated the percentage decrease of the
wound surface area by planimetry measurement and comparison [33]. They noted no sig-
nificant difference between the median reduction of the wound surface in the polyhexanide
group versus the saline group (35% vs. 28%; p = 0.85). Due to the heterogeneity of the
measurement tools, we could not pool the data. The quality of the evidence was low.
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Table 3. Summary of findings table with comparison between polyhexanide and saline solution in
chronic wound care.

Comparison Two: Polyhexanide Compared to Saline for Chronic Wound Care

Patient or Population: Chronic Wound Care
Intervention: Polyhexanide
Comparison: Saline

Anticipated Absolute Effects * (95% CI)

. - Certainty of the
Outcomes Risk with Sa Risk with Re';::: g[f:eﬁ » “’:g:::;':;“ts Evidence
SR S3line  polyhexanide ' (GRADE)
Wound healing
follow-up: mean ,
4 wut.-ks Mot reported (0 studies) -
Mot measured
Adverse events
assessed with: 12 per 1000 2 per 1000 RE 0.2024 33 BEOO
report follow-up: per {0 to 50) (0.0098 to 4.1813) (2 RCTs) LOW b
mean 4 days
Bellingeri et al. [30] found a significantly
Healing rate b«.l:h_r pn._q.;mss:lun of wounds in lh_
aesossed with: polyhexanide group (p = 0.0025) using
Manimetry the BWAT wound assessment scale. 334 EB00
ol P "~.- adian  Sibbald etal [33] found no significant {2 RCTs) LOW b
e Lp: e difference (p = 0.85) between the two
4 weeks ) .
groups by comparing wound surface
reduction {35% vs. 28%).
Bellinger: et al. [30] found similar pain
scomes with no significant difference in
Pain assessment the two groups (average score = 3 with
assessed with: Pain - minimal or no change during follow up). HEO0
. . o {2 RCTzs) b
scakes follow-up: Sibbald et al [33] peported significant LOW 2
mean 4 weeks pain reduction in the polyhexanide group

compared to the saline control group
(73.1% va. 38.1%; p=0.02).

GRADEWorking Group grades of evidence
E3+E@ High certainty: We are very confident that the true effect lies close to that of the estimate of the effect.
T35 Moderate certainty: We ane moderately confident in the effect estimate: The true effect is likely to be close to the estimate of
the effect, but them is a possibility that it is substantially different.
$:3 Low certainty: Our confidence in the effect estimate is limited: The true effect may be substantially different from the estimate
of the effect

& Very low certainty: We have very little confidence in the effect estimate: The troe effect is likely to be substantially different from
the estimate of effect.

* The risk in the intervention group (and 95% confidence interv al) is based on the assumed risk in the comparison
group and the relative effect of the intervention {and 95% CI). CI: confidence interval; RR: risk ratio; RCT:
randomised controlled trial. (a) Two studies with different results. (b) Very few participants in one study.

Concerning pain, Bellingeri et al. observed no significant difference between groups [30],
whereas Sibbald et al. reported a significant pain reduction in the polyhexanide group
compared to the saline group (73.1% vs. 38.1%, p = 0.02) [33]. We graded the quality of the
evidence low.

Finally, Sibbald et al. assessed the reduction of the bacterial bicburden [23]. They
noted polymicrobial microorganisms in 5.3% of the polyhexanide group wounds versus
33% in the control group (p = 0.016).

Bellingeri et al. reported no AEs in either group [30], but Sibbald et al. recorded two
AEs as infection in the saline control group [33]. The pooled data showed a significant
difference between the incidence of AEs in the polyhexanide group compared to the saline
group (RR 0.2 (95%CI {0.01 to 4.18), n = 2 studies, low-quality evidence) (Table 3).
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2.4, Octenidine Compared to Saling (1 RCT, 126 Patients)

One study, with 126 patients, compared octenidine to saline [29]. Vanscheidt et al.
assessed the efficacy of octenidine in patients with locally infected chronic VLU thatwas at
least 1 month old and who had had no previous or concomitant drug therapy for 12 weeks.
Their study was categorised at unclear risk of bias.

Wound healing was assessed as time to complete wound closure and the proportion of
patients with complete wound closure (Table 51). The time to complete wound healing was
not significantly different between the groups (92 days for octenidine vs. 87 days for saline;
p=085Z) (Table 4). Accordingly; the proportion of patients with complete wound healing
was similar (30.6% vs. 32%; p = 0.882). Interestingly, Vanscheidt et al. reported a significant
proportion of healing for patients with ulcers larger than & cm? and older than & months in
the octenidine group versus the saline group (33.3% vs. 0%, respectively p=0.022) [29]. We
graded the quality of the evidence as high.

Table 4. Summary of findings table with comparisen bebween octenidine and saline solution in
chromic wound care.

Comparison Three: Octenidine Compared to Saline for Chronic Wound Care

Patient or Population: Chronic Wound Care
Intervention: Octenidine
Comparison: Saline

Anticipated Absolute Effects = (95% CI)

Oulcomes e— Relative Effect N of Participants C“F:i';*:n‘im
SK W1 " l
i i i 195% CI) {Studies)
Risk with Saline Octenidine 1 (GRADE)
Wound healing
assessed with:
Proportion of - _

: . 250 per 1000 RE 1.0313 126 EBEE
patients with 242 per 1000 ! - .
complete wound {136 to 461) (0.5595 to 1.9009) {1 RCT) HIGH

healing follow-up:
mean 12 weeks
Adverse events
assessed with: AE 7 per 1000 178 per 1000 RR (.5614 120 BElarlartas)
report follow-up: per {90 to 351) (0.2844 to 1.1081) {1 RCT) HIGH
mean 12 weeks
Healing rate No difference in the healing rate of the
assessed with: onts in t o _
Vlanimetey patients in the octenidine group, (1 RCT) I
m”]'uw apy mean compared to patients in the saline group HIGH
-k . Ore = 0 [20
12 weeks (37.9% va 40.3%; p = 0.769) [29].
Pain
AssesEment—not Mot reported - -
measured

GRADE Working Group grades of evidence

&@E@ High certainty: We are very confident that the true effect lies close to that of the estimate of the effect.

&35 Moderate certainty: We are moderately confident in the effect estimate: The trwe effect is likely to be close to the estimate of
the effect, but thene is a possibility that it is substantially different.

@@ Low certainty: Our confidence in the effect estimate is limited: The true effect may be substantially different from the estimate

of the effect.

& Very low certainty: We have very little confidence in the effect estimate: The true effect is likely to be substantially different from

the estimate of effect.

* The risk in the infervention group (and 95% confidence interval) is based on the assumed risk in the comparison
group and the relative effect of the intervention (and 95% CI). CI: confidence interval; RR: risk ratio; RCT:
randomised controlled trial.
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Mo difference in the healing rate was noted in the octenidine group compared to the
saline group (37.9% vs. 40.3%, p = 0.769). The octenidine group achieved better results from
5 weeks. We graded the quality of the evidence high.

The study did not assess pain or bacterial bioburden.

AEs were reported in 10 patients in the octenidine group and 19 patients in the saline
group, without significant difference between the groups [29]. We graded the quality of the
evidence high.

3. Discussion

We reviewed the RCT evidence for the use of antiseptic agents in chronic wound
care in adult patients. Although saline is the main recommended product used in chronic
wound cleansing, numerous clinical studies described the benefit of antiseptic agents in
this situation [7,17,21,35-37]. A limited number of studies are available on the efficacy of
antiseptic agents on chronic wound healing. More limited studies are available on the
efficacy of antiseptics on pain. The trials are small, clinically heterogeneous, without clearly
defined outcomes, and at high or unclear risk of bias. Of the 838 RCT identified, only
6 studies were included, representing a total of 725 patients.

Owur review established a better wound healing with iodine compared to saline (2 RCT,
195 patients, RR 1.85 (1.27 to 2.69)), although the quality of the evidence was moderate. In
contrast, no statistical efficacy of octenidine on healing rate (compared to saline) was seen
with a high-quality evidence grade (1 RCT, 126 patients KR 1.03 (0.56 to 1.90)). Interestingly,
none of the antiseptic agents influenced AE occurrence compared to saline. Notably, over
half of the clinical trials have never been published. Most studies had unclear risk of bias,
as previously described [38,39].

Of the 838 studies, most of them did not evaluate clinical signs of infection, and mainly
focused on bacterial load reduction, a measure long deemed unsuitable [2-4]. Furthermore,
the six included studies ignored the effect of biofilm in delaying the healing process.
Of the two studies assessing microbiclogical impact on infection, none assessed biofilm
reduction [30,31,33]. For future research, we suggest the use of dynamic models mimicking
the wound environment instead of the traditional quantitative microbial load in in vitro
studies [40]. This includes non-static models and the consideration of multispecies biofilm
reduction over a clinically relevant time (>1 month).

Although most guidelines recommend against the use of antiseptic agents [2,4,25,27],
a recent consensus suggested using hypochlorite and polyhexanide in chronic wound
care [21]. We found no study demonstrating a significant effect of hypochlorite on the
healing of chronic wounds. We could not assess the efficacy of polyhexanide due to the
heterogeneity of outcomes between studies. However, this consensus included other types
of non-healing wounds such as post-surgical or burn wounds and made no distinction
between WAR score categories (colonised and infected wounds). Finally, it also included
norn-randomised trials, which provide lower evidence than RCTs and different systematic
bias are encountered [41]. The main limitation of this guideline is the extrapolation of rec-
ommendations from various studied wounds to specific chronic wound care. Another key
problem is the attribution of effect to antiseptic agents when antibiotics were systematically
used in case of infected wounds.

Following the diverse interpretations of study results in recommendations, future
investigations in primary research must focus on value to patients and healthcare pro-
fessionals, particularly treatment choice. The design of future trials should be driven by
high-priority questions. Moreover, good practice guidelines must be followed at each step
(e.g., design, implementation, reporting). Assessment of complete wound healing instead
of wound healing rate would be more relevant, and time to complete wound healing should
be reported as the main endpoint Future research should be controlled at least against
saline, and preferably with another or multiple other antiseptic agents. Another fruitful
area of research would be the impact of antiseptic agents according to wound size. Twwo of
our included studies on two different antiseptic agents reported increased healing rate for
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wounds larger than & cm? versus smaller wounds [29,31]. Further good quality evidence
studies may aid decision making about the use of topical antiseptics in the management of
chromic wounds.

The main limitation of this review was the great heterogeneity in study designs,
methodologies, and outcomes. Overall, the six studies included in this review were too
heterogeneous for pooling. We could not compare the four antiseptic agents with one
another. Sensitivity analysis could not be performed due to the low number of results nor
could subgroup analysis by age or type of chronic wound.

Despite its limitations, this review assesses the quality of the available data on the
four selected antisepfic agents on chronic wound healing, using a well-known and robust
methodology. It focuses the topic on chronic wound, reducing the bias of specific cares
required for the other types of wounds.

The relative effects of topical antiseptic treatment on chronic wounds are unclear.
There is insufficient evidence to determine the superiority of one antiseptic agent over the
others. We could not assess the effect of hypochlorous agents on chronic wound healing.
Moderate evidence suggests an improvement of wound healing with iodine compared to
saline. Currently, there is not enough evidence to recommend one antiseptic agent over
another in this clinical situation.

4. Materials and Methods
4.1, Selection Criteria and Search Strategy

The study is registered at PROSPERO (CRD42020213494).

The review protocol was based on the Cochrane Handbook for Systematic Reviews
of Intervention (version 6.2) [42] and devised in accordance with the Preferred Reporting
Items for Systematic Review and Meta-Analyses (PRISMA) statement guidelines [43]. A
meta-analysis was initially planned. Due to heterogeneity in included studies, a systematic
review with a summary of effect estimates was performed.

FPublished and unpublished RCT were eligible. Two reviewers (K.B.B,, ]J.O.) indepen-
dently screened titles and abstracts to determine eligibility and assessed the full text of
retained articles. Disagreements were solved by discussion or arbitration by three indepen-
dent reviewers (A5, PL, |.PL). Exclusion reasons were recorded. This study followed
this PICO strategy:

1 Population: Cur population was adult patients (18 years) with chronic wounds as
previously defined [2Z]. We included studies from primary, secondary, and tertiary
clinical settings. We included different types of chronic wounds (leg ulcer, DFU, FU,
eschar). We excluded studies containing patients with wounds requiring specific care
(acute wounds, burn wounds, systemic infected wound, postsurgical wounds).

2. Interventions of interest were those including antiseptics as cleansing method or
within a dressing with at least weekly application.

3. Comparative regimens included saline solution or another antiseptic. We anticipated
that interventions would consist of povidone-iodine, hypochlorite or hypochlorous
acid, indine, polyhexanide, and octenidine in the form of creams, cintments, powders,
sprays, or impregnated into dressings. We included intervention schedules applying
concurrent therapies (e.g., negative pressure wound therapy) if the therapy was
common across study arms. We excluded (i) interventions where the antiseptic agent
was not the only systematic difference between treatment groups; (ii) physical and
biological therapies with antimicrobial properties, such as heat or larval therapy;
(iii) studies evaluating topical antiseptics in prevention of chronical wounds or those
using antiseptics as preparation for surgical treatment of ulcers; {iv) studies evaluating
non-recommended antiseptics in chronic wound care and those evaluating antiseptic
agents alongside antibiotic agents.

4. Outcome: The primary outcome was wound healing, evaluated as the proportion
of patients with complete healing during follow-up and/ or the time to complete
wound healing (analysed using survival, time-to-event approaches). An adjustment
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for relevant covariates such as baseline wound area or duration were ideally used
to evaluate the outcome. The secondary outcomes were healing rate (described as
changes or rate of change in wound size, with adjustment for baseline size); mean
pain scores; bacterial bicburden reduction; and AEs, including infection.

We searched PubMed (MLM database), MEDLINE {OvidSF), Web of Science (Thomson
Reuters), Google Scholar, and Cochrane library databases, as well as 3 clinical trial registries
(ClinicalTrials.gov (www.clinicaltrials.gov, accessed on 17 January 2022)), EU Clinical
Trials Register (https:/ /www.clinicaltrialsregistereu, accessed on 17 January 2022), and
World Health Organisation (WHO) International Clinical Trial Registry Platform (https:
//apps.who.int/trialsearch/, accessed on 17 January 2022) up to 30 June 2021 without
restrictions for language, study status, date of publication, or country, using a Me5SH terms
string chain (Figure 1). Furthermore, we searched the reference lists of reviewed studies for
relevant studies. The search strategy for all databases is presented in Appendix A1

4.2, Data Collection and Analysis

One reviewer (K.B.B.) performed data extraction and quality assessment for the in-
cluded studies, validated by a second author (J.O.). Disagreements were resolved by
arbitration by three independent review authors (A5, PL., J.PL}. We contacted study
authors for additional data if necessary. We performed data extraction using a standard-
ised sheet, as recommended by the Cochrane Collaboration’s handbook for systematic
review (trial authors, year of publication, patient population characteristics, duration of
follow-up, trial design, measured outcomes, including assessment methods, objectives,
results, country where trials were performed, number of participants randomly assigned
to each treatment group, clinical setting, detail of interventions in each group, details of
comparators in each group, source of funding, number of withdrawals, outcomes). Data
are presented in Table 52.

4.3. Risk of Bins and Certainty of the Evidence

Two reviewers (K.B.B, J.O.) independently assessed the risk of bias of eligible studies;
any disagreements were resolved by arbitration by three independent review authors (A5,
PL, J.PL). Risk of bias was assessed using the bias excel tool (RoB 2 checklist, 2019) [44]
as recommended by the Cochrane Handbook for Systematic Reviews of Intervention
(version 6.2) [42]. The overall bias risk was rated as low, moderate, high, or unclear (also
some concerns). The 7 domains of bias were also assessed for each trial, following the
recommendation of the Cochrane collaboration, 2011 [34].

The overall quality of evidence of included studies was assessed using Grading of
Recommendations Assessment, Development and Evaluation (GRADE) as recommended
by the Cochrane Handbook for Systematic Reviews of Intervention (version 6.2) [44]. Sum-
mary tables for each antiseptic were produced with GRADEFro software considering five
outcomes: complete wound healing (healing rate or proportion of patients with complete
wound healing), rate of change in wound size, pain assessment, bacterial biocburden reduc-
tion, and AEs. We calculated the risk ratio (RR) for dichotomous outcomes (wound healing,
AEs, infection) with 95% confidence interval (CI).

4.4, Role of the Funding Source
There was no funding source for this study.

5. Conclusions

Iodine compounds showed a better effect on chronic wound healing compared to
saline. Octenidine and polyhexanide did not show any difference in this healing compared
to saline. Currently, there is not enough evidence to recommend one antiseptic over another
in this clinical situation. Future clinical trials assessing antiseptic agents in chronic wounds
management should pay attention to include several antiseptic agents in their trial for
comparison, respecting the double-blind trial and with a well-defined study population.
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They should establish the main efficiency criteria as complete wound healing and not only
wound size reduction. A sub-group analysis based on the size of the wound would be
relevant to the matter. Finally, following good practice guidelines is mandatory in every
step of trials in order to avoid the numerous biases found in the assessed studies.

Supplementary Materials: The following supporting information can be downloaded at hitps:
/ fweww.mdpi. com fartick / 10,3390, antibiotics1 1030350/ 51, Figure 51: Plot of the percentage of risk
of bias assessments at each level of risk of bias per domain. Table 51: Summary of the included studies.
Table 52 Risk of bias assessment among included studies. Table 53: Review authors” judgements
about each risk of bias item for each included study. Table 54: Different outcomes reported among
the studies.

Author Contributions: Conceptualisation, A 5., [.-FL. and PL.; methodology, K.B-B, FS. and PL.;
softwame, ES.; validation, .0, A 5, J.-FL. and PL.; formal analysis, K.B.-B. and ].O.; investigation,
E.B.-B. and ].O.; writing—original draft preparation, K.B.-B., O\ and PL.; writing—review and edit-
ing, A5, FS. and [-PL.; supervision, A5, and [-FL.; project administration, PL.; funding acquisition,
A5 and J-P.LL. All authors have read and agreed to the published version of the manuscript.

Funding: This research meceived no external funding.

Acknowledgments: We thank Sarah Kaband for editing the article. We thank the Nimes University
hospital for its structural, human, and financial support through the award obtained by our team
during the internal call for kenders “Thématiques phares”. The authors belong to the FHU InCh
(Federation Hospitalo Universitaine Infections Chrun.iqms, Aviesan.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A Appendix
Appendix A.1 Medline and Cochrane Library Search
Otur search strategy basis was to focus on the four main antiseptic agents recom-

mended or used in practice: chlorous compounds, octenidine, iodophor compounds, and
polyhexanide. Four different searches were conducted then combined:

s (({{{chronic wound) OR diabetic foot) OR leg ulcer) OR pressure ulcer) OR eschar)
AND (((iodine) OR povidone iodine OR betadine) OR cadexomer iodine).

*  (({{{chronic wound) OR diabetic foot) OR leg ulcer) OR pressure ulcer) OR eschar)
AND ((((hypochlorite) OR hypochlorous) OR Dakin) OR Javel).

*  (({{{chronic wound) OR diabetic foot) OR leg ulcer) OR pressure ulcer) OR eschar)
AND (({{(FHMB) OR polyhexanide) OR Polyhexamethylene biguanide) OR Polyhex-
amethylene).

*  (({{{chronic wound) OR diabetic foot) OR leg ulcer) OR pressure ulcer) OR eschar)
AND (Octenidine).
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1.4.3 Evaluation in vitro des antiseptiques

Au vu de l'absence de données cliniques permettant d’évaluer I'efficacité des
antiseptiques dans la prise en charge des plaies chroniques, il apparait crucial de se
tourner vers les données d’études fondamentales. Ces données proviennent de
protocoles de recherche basés sur des modeles de plaies pour cette évaluation. Les
modeles in vitro de biofilm sont ceux qui ont le plus ciblé le micro-environnement des
plaies chroniques[44,96]. Ils apparaissent ainsi comme une bonne alternative pour

évaluer la place des antiseptiques dans la prise en charge des plaies chroniques.

Plusieurs travaux récents se sont intéressés aux modeles de plaies et de biofilm
pour l'évaluation des composés antimicrobiens[44,88,96,131,199-201]. Ils ont mis en
lumiere plusieurs limites des modeéles expérimentaux actuels qui empéchent Ia
transposition des résultats obtenus avec ces modeles a la pratique clinique[199]. Ces
limites portaient sur plusieurs points clé: le milieu utilisé, le nombre d’especes incluses
dans la formation du biofilm, la dynamique des nutriments, la maturation du biofilm et

la surface utilisée pour la formation du biofilm.

En effet, le consensus actuel sur le microenvironnement des plaies chroniques
comme les ulceres de pied chez les patients diabétiques est que le lit de la plaie est
composé de tissus endommagés, de plasma et de cellules rouges[44,144,202]. Une
majorité des milieux d’étude comportent présentement des composants non retrouvés
dans ce microenvironnement comme l’agar, des protéines de soja, la caséine. Ces
substances peuvent interagir avec les composés évalués[203-205]. Les milieux d’étude

actuels paraissent donc inadaptés a 1'étude des plaies.
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De plus, le biofilm de plaies est majoritairement polymicrobien [45,131,143,206]
avec S. aureus et P. aeruginosa étant les deux especes majoritairement retrouvées.

Plusieurs modeles d’étude actuel sont encore monomicrobiens[44,96,131].

Cliniquement, les plaies ne sont pas un environnement statique avec une
quantité limitée de substrats nutritifs pour les microorganismes, ni un systeme fermé
avec des forces de compressions. Ces sont des environnements dynamiques avec un
apport continuel de nutriments sous forme d’exsudats ou de cellules mortes et un léger
drainage en fonction de la quantité d’exsudat[44,204]. Il est aussi estimé que l'apport
continuel et graduel des nutriments permettrait la création de gradients sous formes de
plusieurs microenvironnements a l'intérieur du microenvironnement des plaies, ce qui

faciliterait la formation d"un biofilm polymicrobien[131].

Une autre limite est la surface d’étude modélisée. Plusieurs modeles actuels
utilisent majoritairement des matériaux non humains comme le verre, le silicone, le
métal, le polystyrene etc., sans substances provenant du microenvironnement des

plaies chroniques[131].

En addition, plusieurs modeles portent sur la recherche de la CMEB qui est la
concentration minimale d’éradication du biofilm. Cependant, le microbiote cutané joue
un role non négligeable dans la cicatrisation des plaies. Il apparait donc dommageable
de l'éradiquer totalement et de délayer la colonisation des plaies. Un parametre plus
intéressant serait la réduction de la charge bactérienne vivante par similitude avec le
débridement, puisque le débridement reste indispensable dans la prise en charge des
ulceres de pied chez les patients diabétiques. Un autre parametre pertinent serait la

réduction significative et la stabilisation du biofilm.

Un autre probléeme majeur dans les études de biofilm de plaie chronique est le

manque de modele standardisé pour 1'évaluation des composés antimicrobiens. Si 'on
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s’intéresse au modele de Concentration Minimale Inhibitrice (CMI) par exemple, tres
peu de modeles suivent la méthode standardisée recommandée de I'EUCAST pour
évaluer la CMI[137]. De ce fait, méme si quelques données existent sur la capacité
d’inhibition de la croissance bactérienne par les antiseptiques, la divergence des

modeles d’étude utilisés empéche la comparabilité des données.

Plusieurs modeles d’évaluation des propriétés antimicrobiennes des composés
portent également, sur du biofilm «jeune » de quelques heures. Toutefois, le biofilm
présent cliniquement est mature. Les études de biofilm devraient donc porter également

sur du biofilm mature [194].

Enfin, une analyse de la littérature actuelle des études portant sur les modeles in
vitro d’étude du biofilm et des plaies chroniques fait ressortir le manque d’études
portant sur des souches cliniques[207]. Les expérimentations portent majoritairement

sur des souches de laboratoire, ce qui limite également la transposition a la clinique.

Malgré toutes ces limites, les modeles in vitro d’étude de biofilm restent des
modeles pertinents, rapides et peu coliteux d’évaluation de simples interactions
(comme par exemple les étapes d’adhésion lors de la formation du biofilm), de I'impact
de changement du microenvironnement ou encore 1'évaluation rapide de composés
antimicrobiens[131]. Il appartient aux futures études de les adapter et de les
standardiser pour mimer au mieux le microenvironnement des plaies chroniques et

innover des améliorations pour remédier a ces limites.

C’est dans cet ordre d’idées que s’est développé ce projet de these avec pour
ambition de répondre aux manques de la littérature sur l'évaluation in vitro des
antiseptiques dans la prise en charge des ulceres de pied chez les patients diabétiques a

travers des modeles de biofilm adaptés aux plaies chroniques.
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Objectifs géneraux des travaux effectués

Les travaux effectués pendant ce doctorat ont pour objectif de répondre en partie

aux interrogations concernant l'efficacité des antiseptiques dans la prise en charge des

ulceres de pied chez les patients diabétiques. Les principaux enjeux étaient :

Identifier les antiseptiques pertinents utilisables dans la prise en charge
des plaies chroniques
Déterminer les principales concentrations d’activité des antiseptiques en
utilisant une méthodologie standardisée internationale (CMI, EUCAST)
Identifier les modeles pertinents in vitro d’étude du biofilm qui soient
représentatifs du microenvironnement des plaies chroniques. Les modéles
utilisés devraient également porter sur du biofilm mature, des souches
cliniques et des techniques de visualisation appropri€es du biofilm.
Adapter les modeles identifiés pour évaluer l'effet antibiofilm des
antiseptiques sur

o du biofilm monoespece

o du biofilm bi especes
Comparer les différents antiseptiques entre eux en termes d’efficacité sur
la prévention de la formation du biofilm, la réduction d’un biofilm mature

et 'impact sur la charge bactérienne.
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II. Partie2:

EVALUATION DES ANTISEPTIQUES SUR
DU BIOFILM MONOESPECE
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Contexte et résumé introductif : Publication scientifique N°2

L'ulcération des membres inférieurs chez les patients atteints de diabete sucré est
un probleme majeur de santé publique. Il est estimé toucher 15 a 25% des patients
atteints de diabete sucré au moins une fois au cours de leur vie[6]. Les ulceres de pied
chez les patients diabétiques sont naturellement colonisés par des microorganismes
dans le lit de la plaie[10]. En plus de cette colonisation, dans environ 60 a 90% des cas,
ces microorganismes sont organisés sous forme de biofilm[45,96,206]. Le biofilm est une
structure composée d’agrégats de microorganismes entourés d’une capside protectrice
polysaccharidique, qui est estimée favoriser la chronicité des plaies[91,208]. Dans cette
idée, les stratégies de prise en charge des ulceres de pied chez les patients diabétiques
prennent en compte I'élimination du biofilm[135]. Les antiseptiques font partie de ces
stratégies. Bien qu’ils soient de plus en plus mis en avant dans les recommandations de
prise en charge des ulceres de pied chez le patient diabétique[162,171,172], il n’existe
actuellement pas de consensus au niveau européen concernant leur utilisation. Dans la
littérature, 4 agents antiseptiques sont fréquemment cités dans les recommandations de
prise en charge des plaies chroniques. Il s’agit de I’hypochlorite de sodium (HS), de la
polyvinylpyrrolidoneiodine (PVPI), du polyhexaméthylénebiguanide (PHMB) et de
I"octénidine [74,158,162,171,172].

L’objectif de ce travail était d’évaluer les propriétés antibiofilm de 4 antiseptiques
fréquemment recommandés dans la prise en charge des ulceres de pied chez les

patients atteints de diabete sucré.

Ces premiers travaux ont porté sur des souches de Pseudomonas aeruginosa. Cette
bactérie est en effet, le pathogene modele d’étude du biofilm le plus répandu[131] mais

également le deuxiéme le plus fréquemment isolé dans le lit des plaies d’'ulceres de pied
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chez les patients diabétiques[123,199,209] et les biofilms de P. aeruginosa posent de
graves problemes aux patients immunodéprimés[95]. Nous avons utilisé une souche de
laboratoire PAQO]1, ainsi que 3 souches cliniques isolées de débridement d’infections de
grade 3 d’ulceres de pied chez les patients diabétiques (PAC1, PAC2 et PAC4). Nous
avons dans un premier temps évalué les CMI des antiseptiques sur les souches
planctoniques, en utilisant les méthodes standardisées recommandées par
I"'EUCAST][210]. La capacité des souches cliniques a former du biofilm a été établi avec
le BRT® en amont des expérimentations avec les modeles de biofilm. Nous avons utilisé
plusieurs modeles de biofilm pour compenser les limites individuelles des différents
modeles et avoir une vision exhaustive de l'efficacité de ces antiseptiques a plusieurs
étapes importantes de la formation du biofilm. Pour mimer l'étape de formation du
biofilm, nous avons utilisé 1’Antibiofilmogram® (ATBF®). Basé sur le principe du
BRT®, I'ATBFG® permet d’évaluer l'impact des antimicrobiens sur la capacité
d’adhésion des microorganismes a une surface et par extension leur capacité de
formation de biofilm. En pratique, les antiseptiques sont utilisés pour compléter le
débridement clinique qui est la principale mesure de réduction de la charge bactérienne
du biofilm. Le débridement permet de réduire la charge bactérienne du biofilm de 85 a
90%[7]. Nous avons donc ensuite utilis¢é un modele de quantification de la charge
bactérienne vivante du biofilm pour estimer l'efficacité des antiseptiques dans la
réduction d'un log de 10 de la charge bactérienne vivante d’un biofilm mature de 72h.
Nous avons grace a ce modele déterminé la concentration d’antiseptique qui permet la
réduction de cette charge bactérienne dun log 10. Enfin pour mimer au mieux les
conditions cliniques des ulcéres de pied chez les patients diabétiques, nous avons utilisé
le modele dynamique du Bioflux® pour estimer l'activité des antiseptiques sur un
biofilm de 72h en conditions dynamiques microfluidiques. La plupart des modeles in

vitro d’étude du biofilm ont pour limite d’utiliser des milieux d’étude non adaptés a
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I'étude des plaies[131]. Pour pallier ce probleme, nous avons utilisé le milieu plaie
d’acronyme anglais Chronic Wound-like Media (CWM®). Ce milieu mime le
microenvironnement des plaies chroniques. Pour représenter au mieux la prise en
charge clinique des ulceres de pied chez les patients diabétiques, nous avons mis en
place un protocole de débridement automatisé in vitro qui permet comme le

débridement clinique de réduire le biofilm formé de 80 a 90%.

Avec le modele d’ATBFG®, les 4 antiseptiques ont démontré une capacité a
inhiber la formation du biofilm a des concentrations largement inférieures a la
concentration de la solution commerciale. Dans 'ordre, les dilutions requises étaient de
1:8, 1:20, 1:400 et 1:400 pour le HS, la PVPI, Le PHMB et I'octenedine, respectivement.
Dans le modele de quantification de la charge bactérienne vivante, des concentrations
faibles ont également induit une réduction de logl0 de la charge bactérienne. Ici, 1:3,
1:8, 1:100 and 1:50 pour le HS, la PVPI, Le PHMB et I'octenedine, respectivement. Au
cours des expérimentations, le CWM® a confirmé son effet de mime du
microenvironnement des plaies avec une formation de biofilm accélérée et un biofilm
plus dense comparément au milieu contrdle. Des concentrations d’antiseptique plus
élevées furent donc requises pour le méme effet de réduction de la charge bactérienne
d’un log10 a I’exception de I'hypochlorite de sodium. Les dilutions furent de 1:3 pour le
HS, 1:50 pour le PVPI et 1:40 pour le PHMB et I’octénidine. Dans le modele dynamique,
la PVPI n’a pas pu étre évaluée du fait de sa couleur tres foncée qui a empéché les
analyses microscopiques. L’octénidine a présenté un effet souche dépendant. Le PHMB
et le HS ont été les antiseptiques les plus efficaces pour réduire significativement le
biofilm débridé.

En conclusion, 'hypochlorite de sodium et le PHMB semblent étre de bons

antiseptiques pour la réduction du biofilm dans la prise en charge des ulceres de pied
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chez les patients diabétiques. Des études complémentaires, idéalement cliniques sont

néanmoins requises pour confirmer cet effet.
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Abstract: In diabetic foot ulcers (DFUs), biofilm formation is a major challenge that promotes wound
chronicity and delays healing. Antiseptics have been proposed to combat biofilms in the management
of DFUs. However, there is limited evidence on the activity of these agents against biofilms, and there
are questions as to which agents have the best efficiency. Here, we evaluated the antibiofilm activity
of sodium hypochlorite, polyviny lpyrrolidonelodine (PVPL, polyhexamethylenebiguanide (PHMBE)
and octenidine against Pseudomonas aeriginosa strains using static and dynamic systems in a chronic-
wound-like medium (CWM) that mimics the chronic wound environment. Using Antibiofilmogram®,
a technology assessing the ability of antiseptics to ieduce the initial phase of biofilm formation, we
observed the significant activity of antiseptics against biofilm formation by P aeruginosa (at 1:40 to
1:8 dilutions). Moreover, 1:100 to 1:3 dilutions of the different antiseptics reduced mature biofilms
formed after 72 h b‘j." 1i-log, alth.uugh high.ur concentrations wen needed in CWM (1:40 to 1:2). Finally,
in the BioFlux200™ model, after biofilm debridement, sodium hypochlorite and PHMB were the
most effective antiseptics. In conclusion, our study showed that among the four antiseptics tested,
sodium hy pochlorite demonstrated the best antibiofilm activity against P aeruginosa biofilms and
represents an alernative in the management of DFUs,

Keywords: antibiofilm; Antibiofilmogram®; antiseptic; biofilm; chronic wound; Pseudomonas aeruginosa;
PHMB; PVPL; octenidine; sodium h}-‘pud‘tlurih_'

1. Introduction

Diabetic foot uleers (DFUs) in people with diabetes mellitus are a major public health
problem. Its prevalence is high, affecting 15-25% of patients with diabetes at least once
in their lifetime [1,2]. An infected DFU is a major complication; it is the main reason for
diabetes-related hospitalizations and a major cause of amputation [1,3]. DFUs are frequently
colonized and then infected by microorganisms organized in biofilms inside the wound
bed [4-6]. The biofilm is a structure of microorganism aggregates that participates in the
chronicity of the lesion and delays wound healing [6]. The production of an extracellular
polymeric substance (EPS) matrix [7] by microorganisms is essential for their adaptation to
nutritional and environmental conditions [8]. It also facilitates bacterial protection against
the hostile environment [6].

Pseudomonas aeruginosa is a ubiquitous and opportunistic pathogen with a prominent
role in many infectious diseases, such as nosocomial urinary tract infections, cystic fibrosis
infections or chronic wounds, such as DFU infections [9]. In DFUs, this microorganism
is particularly prevalent [10], notably in warm countries, and plays a key role in biofilm
organization [9,11,12]. The management of biofilms on DFUs is essential [13] and consists of
eliminating the biofilm and disrupting the structural stability of the EPS through extensive
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debridement [14]. However, debridement is not sufficient to remove all of the microorgan-
isms present in the wound bed [15,16]. Several additional antibiofilm strategies have been
developed to complement the classical management of DFUs to eradicate bacterial biofilms
and improve the healing process [17].

Antiseptics are one of the antimicrobial agents that can be used in the antibiofilm
DFU strategy due to their anti-infective benefits [13,15-20]. Although the International
Working Group on the Diabetic Foot (IWGDF) recommends against using topical antiseptics
in DFUs [1], there is evidence that some antiseptics reduce the microbial load of the
wounds [21,22]. This reinforces the need for studies to evaluate the value of antiseptics in
chronic wounds.

Many biofilm models have been developed to study antimicrobial susceptibility (e.g.,
invitro static, in vitro dynamic or even in vive models) [23,24]. However, none are suitable
for evaluating this activity while taking into account the wound microenvironment [23,25].
Most in vitro models generally lack the interaction of the biofilm with the host cells and
are not representative of the wound microenvironment [24], whereas in vivo models are
subject to inter-individual variation, are expensive and also fail to reproduce the wound
microenvironment [24,25]. Recently, we developed a new in vitro medium, the Chronic
Wound Medium (CWM]), that mimics the microenvironment encountered in chronic
wounds [17]. Using this medium, F. aeruginosa formed a static biofilm faster and decreased
its virulence in a Caenorhabditis elegans model after culture in CWM [26]. Moreover, we
integrated this medium into a microfluidic system, the BioFlwx ™ 200, a new and emerging
technology adapted to study dynamic biofilm formation and the antibiofilm effects of
different compounds [26].

Herein, we assessed the antibiofilm properties of four antiseptic agents (sodium
hypochlorite, polyvinylpyrrolidone iodine (PYPI), polyhexamethylene biguanide (PFHMB)
and octenidine) on clinical P acruginosa strains isolated from infected DFUs using two
invitro static models and one dynamic model.

2. Results
2.1. Evaluation of the Susceptibility of P aeruginosa Strains to Antiseptics

We evaluated the susceptibility of four strains of P aeruginosa (PAO1 and three clinical
strains, PACT, PACZ? and PAC4) to four compounds (sodium hypochlorite, FHMB, PV PI
and octenidine). The MIC and partial biofilm Minimum Inhibitory Concentration (MICh)
values of the antiseptics are displayed with their concentrations (10 3 gL 1) and ratios in
commercial solutions (V:V) (Table 1). MIC and MICb values were obtained in six mplicates
for each antiseptic agent for each strain. The MIC values were 1660 x 10 3 g L 113
dilution factor) for sodium hypochlorite, 12,500 = 10 3 gL 1 (1:8 dilution factor) for PVPI,
15.6 = 107° g-L. 7! (1:64 dilution factor) for PHMB and 7.8 3 1072 g-L~! (1:64 dilution factor)
for octenidine. All MIC values were lower than the commercial concentrations, regardless
of the antiseptic agent. The same trend was observed for MICb values (625 x 10 3 gL !
(1:8 dilution factor) for sodium hypochlorite; 3000 = 10 3 gL ! {1:20 dilution factor) for
PVPL; 25 = 103 gL 1{1:40 dilution factor) for PHMB; and 12.5 = 10 3 gL 1{1:40 dilution
factor) for octenidine).

Table 1. Minimum Inhibitory Conoentration (MIC) and partial biofilm Minimum Inhibitory Concen-
tration (MICh) values (in 102 oL 1) and dilution ratios (in V:V) determined for the reference strain
PACT and three clinical P2 aeruginosa strains (PACI, PAC2 and PACH) against four antiseptic solutions.

PAOI1
PACI
PAC2
PAC4

Sodium Hypochlorite PVPI PHME Octenidine
MIC VvV MICE ViV MIC WV MICE V:V MIC WV MICH VWV MIC ViV MICE WiV
1660 1:3 625 1:8 12500 1.8 5000 120 156  Led 25 l40 7.8 164 125 140
1660 L3 625 1.8 12500 1.8 5000 120 156 L4 25 140 7.8 a4 125 140
1660 1:3 625 18 12,500 1B 5000 120 156 14 25 140 7B a4 125 140
1660 1:3 625 1:8 12500 1.8 5000 120 156  Liad 25 140 7.8 164 125 140
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Two antiseptic profiles were observed. The first profile, including sodium hypochlorite
and PVPI, had MICb values that were lower than the MIC values, whereas the second one,
including PHMB and octenidine, presented MICb values higher than the MIC values.

2.2, Effects of Antiseptics on the Biofim Living Bacterial Load

We first quantified the bacterial loads of mature P aeruginosa biofilms at 72 h [27].
The strains were cultivated in the reference medium (BHI) and CWM. The results are
presented in Figure 1 and Table 51 (see supplementary materials). No statistical difference
in the mean living bacterial load was noted when the bacteria were cultivated in the BHI
medium (P = not significant, N5). Similarly, no difference was observed when bacteria
were cultivated in CWM (p = NS). Interestingly, the mean load value distribution was
significantly higher when E aeruginesa strains were cultivated in CWM compared to BHI
(p < 0.01), demonstrating that CWM conditions favor biofilm formation.

300,000

E
243,330 o
229,670 *4
217,670 213,500
2 150, s;m 152-33‘“
'S
& 150,000 134,83 BHI
2 ' mCWM
o
PAO1 PAC1 PAC2 PACA

Figure 1. Mean living bacterial load after 72 h biofilm formation by F. aeruginosa strains (the reference
strain PAO] and three clinical strains, PACL, PAC2 and PACY) cultivated in two media, BHI and
CWM. The average CFU perwell was calculated from six independent experiments and determined
by an automatic counting system. Results are presented as the mean £ standard deviabion. Statistics
were performed using a Wilcoxon Rank-Sum test using the R¥ software in its 4.0.2 version to compare
the difference in the mean bacterial load of each strain in two culture media. **, p < 0.01.

We next evaluated the activity of antiseptic agents on the living bacterial load (Table 2).
In practice, antiseptic agents are used to complement the bacterial offloading action of
debridement by 10 to 15% [15]. We then determined the antiseptic concentrations needed
to obtain a 10-log reduction in the living bacterial load of the studied F. aeruginosa strains.
The same sodium hypochlorite concentration was needed, regardless of the studied strain
and the culture medium used. This concentration was equivalent to the MIC previously
determined. For the three other antiseptic agents, higher concentrations were needed
to obtain a 10-log reduction in the living bacterial load in CWM compared to BHI. No
variations were noted between strains, except for PACY, for which the concentrations of
PHMB and octenidine were higher than those used for the other strains. Interestingly, the
concentration of PHMB was lower than the MIC values obtained with the studied strains,
whereas the concentration of octenidine was higher.
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Table 2. Antiseptic concentrations (in 10 G gL 1} and dilubion ratios (in V:V) needed to obtain a
10-log reduction in the living bacterial load of P aeruginosa strains (the mference strain PAO1 and
three clinical strains, PACL, PAC2 and PAC4) culbivated in two media, BHI and CWM.

Sodium Hypochlorite PVFI PHME Octenidine

BHI

Viv CWM WV  BHI WwW OCWM V.V BHI V.V CWM V¥V BHI WW CWM WV

PADI
PACI
PAC2
PACA

13 12500 1.8 50000 1.2 10 L1 20 150 10 150 125 140
1:3 12500 1.8 50000 1.2 10 1100 20 1:50 10 1:50 125 140
13 12500 1.8 50,000 1.2 10 L1 20 1:50 10 1500 125 140
13 12500 1.8 50000 1.2 10 L1 25 140 10 1:50 25 120

2.3. Antiseptic Efficiency after In Vitro Automatized Debridement on a Pre-formed
P aeruginosa Biofilm

2.3.1. Evaluation of I aerugimosa Biofilm Formation under Flow Conditions

To evaluate the potential of biofilm formation by the four strains, we determined the
percentage of biofilm formed in the BioFlux™ 200 system in the control BHI medium and
in CMW [26].

All strains were able to form biofilms and to remain attached under shear force
{Table 3). The kinetics of biofilm formation of the reference strain PAO1 showed no
difference in the percentage of biofilm formation after 24 h between the two media (p = NS5),
whereas these percentages were significantly differentat48 h (p < 0.1) and at 72 h (p < 0.01).
All three clinical strains demonstrated significantly higher percentages of biofilm formation
when bacteria were cultivated in CWM compared to BHI, regardless of the time point
{Table 3).

Table 3. Kinetics of biofilm formation by P aeruginosa strains in the BioFlux ™ system. The percent-
ages of biofilm formation were determined for the reference strain PAO1 and three clinical strains,
PACZ, PAC3 and PAC4, at 24 h, 48 h and 72 h post-incubation in BHI and CWM after six independent
experiments. Results are presented as the mean 4 standard deviation. Statistics were performed
using a f-test in GraphPad Prism version 9.2 to compare the peroentage of biofilm formed in BHI and
CWM for each time point.

Percentages of Biofilm Formation

At24h

Atd8 h At71h

BHI CWM p BHI WM P BHI CWM P

PAD]
PACI
PAC2
PACH

12% £03 13% £05 NS e +0l 3% 03 <0.1 0% £01 9% 02 <0.01
11% £ 04 25% £ 05 <0.01 45% 4+ 05 64% 03 <(0.01 (9% 4+ 0.5 9% +0.2 <001
14% £ 05 17 £ 03 <01 4% £ 04 59% 05 <0.01 T0% £02  98% £0.2 <0.01
12% £ 03 15% £0.2 <1 4% £+ 05 62% 02 <(0.01 75% £ 05 9% +0.1 <001

2.3.2. Antiseptic Efficiency on a Pre-formed P, aerugingsa Biofilm under Flow Conditions

To mimic the management of chronic wounds and evaluate antiseptic action in a
constituted biofilm, we developed a method for the in vitro automatized debridement of
the biofilm inside the BioFlux '™ system, as previously validated [26]. After in vitro au-
tomatized debridement, we administered the four antiseptic agents at the commercialized
concentrations on pre-formed biofilms of all strains in BHI and CWNM. The results are
presented in Figure 2 and detailed in Table 52 {Supplementary Data).
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Figure 2. Percentage of biofilm reduction in pre-formed P aeruginosa biofilms using commercialized
concentrations of three antiseptics (sodium hypochlorite (A, pink), PHME (B, blue) and octenidine
(C, red)) in BHI and CWM. Invitro automatized debridement left a mean of 12% of biofilm in
the microfluidic channel before antiseptic treatment after 72 h of culture. The mean percentage of
biofilm after in vitro automatized debridement and before antiseptic treatment is represented by
the dashed line. Samples were tested in six independent experiments. Results are presented as the
mean + standard deviation. Statistics were performed using a t-test using the RF softwan version
4.0.2 to compare the efficiency of antiseptics on biofilms after in vitro automatized debridement.
Lp<01*p<0.0L

After in vitro automatized debridement of the biofilm formed inside the BioFlux™
system, a mean of 12% (see Supplementary Data, Table 52) of bacteria remained in biofilms
and were not completely removed to mimic clinical data that estimated the effectiveness
of debridement at around 85-90% [16]. We administered the antiseptics at commercial
concentrations without dilution. We were unable to test the activity of PVFI, as its color
interfered with the MetaVue™ software (Molecular Devices, Sunnyvale, CA, USA).

The use of sodium hypochlorite and PHMB significantly reduced the pre-formed
biofilm, regardless of the strain and the medium used (p < 0.01) (Figure 2). The residual
biofilm percentage was reduced to 5.98% in BHI and 6.8% in CWM for sodium hypochlorite
and 8.5% in BHI and 8.54% in CWM for PHMB (see Supplementary Data, Table SZ).
However, the antiseptic efficiency was better when bacteria were cultivated in BHI than in
CWM. The results were further improved when we evaluated the octenidine action, which
showed strain-dependent efficiency. The use of this antiseptic significantly reduced the pre-
formed biofilms of PAO1, PACI and PACY cultivated in BHI and PACT and FAC4 cultivated
in CWM (p < 0.01). Howewver, no significant effects were observed when octenidine was
administered after the in vitro automatized debridement of the biofilm formed by the PAC2
strain (in CWM and BHI) and PAO1 (in CWM only) (p= NS5).

3. Discussion

The diagnosis of chronic wound infections remains problematic, leading to the inappro-
priate use of antibiotics and a high prevalence of multidrug-resistant bacteria carriage [28].
Moreover, commensal and pathogenic bacteria are organized in biofilms, maintaining the
chronicity of the lesion and delaying wound healing [7]. New alternative solutions must
be developed and evaluated. Our study aimed to assess the antibiofilm properties of four
antiseptic agents (sodium hypochlorite, PVPIL, PHMB and octenidine) against I aeruginoesa
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strains, a species frequently isolated in chronic wounds [10] and classified as a strong
biofilm producer [29,30]. Moreover, we studied this activity in a medium mimicking the
environment encountered in chronic wounds to better evaluate the antiseptic effects.

The MIC values of the four antiseptic agents against our panel of four F aeruginosa
strains were always lower than initial commercialized concentrations. Previous studies
have evaluated the MIC values of antiseptics on P aeruginosa strains (see Supplementary
Dhata, Table S3).

For sodium hypoechlorite, the MIC values obtained in our study (1666 mg-L‘l and
1:3 dilution) are 3- to 5-fold higher than the ones previously obtained [31-35]. This variation
may be related to the differences in the studied strains and in the media used, as previ-
ously noted [36]. We observed the same trend using PVPL The MIC was 12,500 mg-L~"
(1:5 dilution factor), higher than the values found in previous studies [37-40]. However,
although the values obtained were high, their dilution ratios were low, varying between
0.04% and 5% (1:2 to 1:250 dilution factor) [37-40]. Moreover, we noted no difference in
the MIC values of the other antiseptics compared with previous studies, suggesting that
the BHI medium was not solely responsible for the results obtained with the two first
antiseptics. The MIC values of PHMB and octenidine were 15.6 1'r|g-L'1L and 7.8 mg-L",
respectively, in accordance with previous studies [33,37,40-43]. These findings support
weaker concentrations compared to the commercialized solutions routinely used.

Classically, most studies on antiseptic efficiency determined the Minimal Biofilm Erad-
ication Concentration (MBEC) values to evaluate the potential of antiseptics to eradicate
mature and established biofilms. Here, we adapted the Anﬁbioﬁh'logram@ test to obtain
the MICb and assess the antiseptic impact on the biofilm formation kinetics [44,45]. The
principle was to use a diagnostic tool derived from the BioFilm Ring Test® (BioFilm Control,
5t Beauzire, France). This test studies early biofilm formation by bacteria. We adapted this
method to assess the ability of antiseptics to inhibit early biofilm formation [44]. We deter-
mined the MICDb, reflecting the minimum concentration of antiseptic agents that inhibits
biofilm formation. Our MICk values were lower than commercial concentrations, with
dilution ratios ranging from 1:8 for sodium hypochlorite to 1:40 for PHMB and octenidine.
The comparison between MICh and MIC values revealed two profiles of antiseptic agents:
one profile (for sodium hypochlorite and PVPI) with MICb values higher than MIC values,
suggesting that biofilm formation was inhibited at lower concentrations than those needed
to inhibit bacterial grow th. The second profile (for PHMBE and octenidine) had MICDb values
lower than MIC values, suggesting that biofilm formation was inhibited by concentrations
higher than those needed to inhibit bacterial growth, and a delayed antibiofilm forma-
tion effect. This effect is certainly related to faster biofilm formation upon exposure to
antiseptic agents rather than a defense mechanism. Thus, higher octenidine and PHMB
concentrations are needed to inhibit biofilm formation.

Owr results thus highlighted two profiles of the studied antiseptic agents. Sodium
hypochlorite and PVFI can complement wound debridement by preventing new biofilm
formation without altering bacterial growth. PHMB and octenidine can also be interesting
in complementing debridement procedures by coupling antibiofilm formation properties
with bacterial growth inhibition properties. For both profiles, at commercial concentrations,
all tested antiseptics induced bacterial grow th inhibition and biofilm formation inhibition.
These findings shine a light on the antimicrobial effects of the antiseptic agents in the early
phases of biofilm formation.

We also assessed the effect of the selected antiseptics on the living bacterial load
of mature biofilms, which are predominant in chronic wounds [7]. First, we observed
that the biofilms formed after 72 h were denser and heavier, and the bacterial load was
higher when P. aeruginosa strains were cultivated in CWM compared to BHI, as previously
reported [26]. This effect was confirmed in the dynamic flow model, B]OF'UJCT'“ 200, where
we also noted the influence of CWM on the development of biofilm formation. Altogether,
we demonstrated the influence of the environment on biofilm formation. The decreased
antimicrobial activity of antiseptics has been documented in the presence of organic matter,
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such as the blood included in CWM [46,47]. Due to the denser biofilm matrix and the effect
of the medium mimicking the wound environment, a 10-log higher antiseptic concentration
(FVFI, PHMB and octenidine) was necessary to reduce the living bacterial load. Sodium
hypochlorite was an exception, with no difference in the MICs needed to obtain this 10-log
reduction in biofilms of P! aeruginosa cultivated in BHI or CWM. This result could be related
to the fact that this antiseptic agent is less affected by the organic load [48].

In a biofilm, antiseptic penetration is reduced with a decreased growth rate of persis-
tent cells [49]. We thus developed a protocol to test the efficiency of antiseptics after in vitro
automatized debridement, mimicking a key step in the management of chronic wounds [26].
We observed the efficiency of sodium hypochlorite and PHMB and the strain-dependent
activity of octenidine. In clinical practice, 85% of biofilm bacterial load offloading is ob-
tained through debridement, with 10 to 15% of residual biofilm. Cur results indicate that
sodium hypochlorite can significantly complement wound debridement and reduce this
percentage to around 6%, and PHMB can reduce it to 8%. This residual biofilm allows
residual microbiota, which participates in DFU healing [50,51]. In addition, this biofilm re-
duction was effective 72 h after the antisepfic addition. Previous studies demonstrated that
adhesion to surfaces for biofilm formation was accelerated in P agruginosa following their
release from biofilms, which happens through debridement [52]. This study highlighted
that sodium hypochlorite and PHMB prevented this faster biofilm formation. These results
could be due to the mechanism of action of the antiseptic agents. Indeed, for octenidine,
this mechanism is directly linked to its interaction with the bacterial membrane [53]. It is
possible that the EFS plays a role in biofilm survival and reduces the ability of octenidine
to reach the membrane of F. aeruginoesa. Octenidine activity was particularly reduced when
the antiseptic was used against bacteria cultivated in CWM, which enhanced the biofilm
density and thickness. Moreover, P. aeruginosa was previously reported to adapt to octeni-
dine by membrane remodeling and the production of efflux pumps [54]. Investigating
these mechanisms in biofilm models would be a fruitful area for further work. Although
the PHMBE effect was also linked to its interaction with the bacterial membrane [55], the
commercial solution used in our study also included betaine, a compound that disrupts
EPS proteins [56], explaining the antibiofilm properties of PHMB. Finally, sodium hypochlo-
rite has multiple mechanisms of action (reactive oxygen species, protein degradation and
oxidizing action) with passive diffusion inside the microorganisms [48], suggesting that
this antiseptic is an optimal candidate for eliminating bacterial biofilms associated with
chronic wounds. Overall, our results reinforce the need to use a dynamic in vitro system
and media mimicking the conditions encountered in the clinical situation.

4, Materials and Methods
4.1. Bacterial Strains, Culture Conditions and Antiseptic Agents

The bacteria and media used in this study are listed in Table £

CWM is a previously described and patented in vitro media model that reproduces
the chronic wound environment [17,26]. CWM has a fixed pH of 8, as seen in non-healing
wounds [26]. Its composition includes Bolton broth, heat-inactivated human serum, debris
of human keratinocytes and hemolyzed human blood.

Four previously characterized P aeruginosa strains were used. PAO1, a reference
strain [57,58), and three clinical strains (PAC1 [17], PAC2 [52] and PAC4 [52]) isclated from
Grade 3 [59] diabetic foot ulcers of patients at the University Hospital of MNimes.

Bacteria were grown overnight in bacterial culture tubes with shaking at 200 rpm in
aerobic conditions at 37 “C in brain heart infusion (BHI, Sigma- Aldrich, Saint-Cuentin-
Fallavier, France) broth or CWM (Eurcpean patent application EP21305337) [17].

Four antiseptic agents were tested for tolerance and available data on their in vitro or
clinical efficiency on chronic wounds: (i) sodium hypochlorite, 5 g- L1 {Dakin®, Cooper,
France), (ii) PVPI or Povidone iodine, 100 g-L'1 (Betadine®, Mylan Medical, France),
(iii) PHMB, 1 g-L~! {Prontosan™ 0.1% undecylenamidopropyl-betaine and 0.1% PHMB
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in aqueous solution; B. Braun Melsungen AG) and (iv) octenidine 0.5 g-L ! (Octenelin®
wound irrigation solution, Schuelke und Mayr, Norderstedt, Germany ).

Table 4. Bacterial strains and media used in this study.

Strain Characteristics References

PAO] Reference strain [57,58]

PAC Pseudomonas aeruginosa clinical strain isolated (17)
from a Grade 3 DFI * (patient n™1)

PAC 2 Pseudomonas aeruginosa clinical strain isolated (52]

from a Grade 3 DFI * (patient n°2)
Pseudomonas aeruginosa clinical strain isolated

PAC4 from a Grade 3 DFL* [52]
(patient n”3)
Media
BHI Brain heart infusion Sigma-Aldrich
LB Luria—Bertani broth Sigma-Aldrich
CWM Patented medium mamicking in vivo [17,26]

conditions encountered in chronic wounds
= DF1, diabetic foot infection

4.2, Susceptibility Testing Assays

Antimicrobial susceptibility testing (MIC) of isclates was performed by the broth
microdilution method on BHI according to EUCAST recommendations (https:/ /www.
eucast.org/ clinical_breakpoints, accessed on 2 August 2022). Fresh bacterial cultures were
used after overnight incubation at 37 “C in aerobic conditions. The range of dilution was
1:2 to 1:2048 for all antiseptic agents. Each antiseptic agent was tested in six independent
assays in six replicates for each strain.

Antibiofilmogram™ [44,60] is a diagnostic tool using the Biofilm Ring Test™ to study
antiseptic actions on biofilm formation [61]. Briefly, . aeruginosa strains were subcultured
on BHI agar at 37 “C for 24 h. 5ix colonies were inoculated into BHI broth and homogenized.
The bacterial suspension was standardized to an optical density (OD) of 1.00 £ 0.05 at
600 nm and diluted 1:250 in BHI broth to obtain a final concentration of 4 » 10° CFU JmL
using a defined calibration curve between OD and CFU/mL. Two hundred microliters of
this bacterial suspension, 1% (vol/vol) magnetic beads (TONO004) and antiseptics (20 uL. of
dilutions of each antiseptic) were then incubated, in triplicate, at 37 “C for 4 h (fime needed
to form P aeruginosa biofilm in this model [17]) in a 96-well microplate (Falcon 96 Flat
Bottom Transparent, Corning, United States). The microplate was placed onto a magnetic
block for 1 min and analyzed. Due to the color of the antiseptic agent solutions, it was
not possible to use a microplate scanner, and we compared the results visually. The MICh
was therefore defined as the minimum concentration of the antiseptic agent that inhibited
early biofilm formation. This MICb was visually detected as the minimum concentration
that allowed brown spot formation at the bottom of the wells. Assays were replicated six
times. Four wells without antiseptics filled with the bacterial suspension and magnetic
beads were used as the positive control.

4.3. Antiseptic Effect on 72 h Bioftlm Living Bacterial Load

The living bacterial load of 72 h-old bicfilms before and after the antiseptic agent addi-
tion was quantified using an adapted method previously described [27]. Fresh overnight
bacterial cultures were adjusted to an ODgpg am of 1 £+ 0.05. The cultures were then diluted
at 1:100 and incubated for 72 h at 37 “C without shaking in three flat-bottom 96-well plates
for biofilm formation. Fresh culture medium was added every 24 h until 72 h. Wells with
medium without bacterial culture were used as the negative control. At 72 h, one plate
was used as the control for biofilm formation (C1). In the second plate, several dilutions
(1:2 to 1:1028) of each antiseptic agent were added in three replicates. The plates were then
incubated for an additional 24 h at 37 “C. The third plate served as a negative antiseptic
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effect control (C2), containing only fresh culture medium incubated for an additional 24 h
at 37 “C. After incubation, the microplates were washed three times with 200 pL of 1 PBS.
Finally, 200 pL of 1x PBS was added to the well before biofilm disruption by sonication for
10 min at 40 kHz. Each well was then serially diluted, and the last dilution was plated on
LB agar. The agar plates were then incubated overnight at 37 “C, and CFUs were counted
to quantify the living bacterial load in each well. We determined the concentration of each
antiseptic needed to obtain a 10-log reduction in the living bacterial load, since antiseptic
agents are used to complement debridement offloading by 10 to 15%. The experiment was
performed six times for each strain.

4.4, Dynamics of Antiseptic Agents on Bigfilm

The previously described BioFlux™ 200 microfluidic system (Fluxion Biosciences Inc.,
Alameda, CA, USA) was adapted to assess the dynamics of biofilm formation and biofilm
quanhﬁcahon, along with the dynamics of antiseptic agents in biofilm disruption [62]. This
system is composed of microfluidic channels incorporated in 48-well plates. The bottom
of the plate is made of a 180 um glass coverslip, allowing microscopic examination [53].
Thus, the system was coupled with a Leica DM IEB inverted fluorescence microscope
for biofilm visualization and a CoolSNAP FX black and white camera (Roper Scientific®,
Trenton NJ, United States) for automated image acquisition and recording. Images were
processed with MetaVue™ software (Molecular Devices, Sunnyscale, CA, USA). Image
analysis was processed using ]mage]lE software. The analysis included 16-bit grayscale
image adjustment with the threshold function, and the biofilm percentage was calculated
with the “Analyzes particles” function, as previously established [62,64]. Colonies of
P agruginesa strains were resuspended in 3 mL of BHI and were incubated at 37 “C with
shaking (220 rpm) overnight. A bacterial suspension was then prepared from this overnight
culture standardized to an ODg of 0.1 £ 0.05 following a serial 1:200 dilution. The channel
was first primed with 500 pL. of medium without bacteria in the inflow well with a pressure
setting of 1 dyne/ cm? for 10 min. The remaining medium in the well was then withdrawn.
The microfluidic channels were then inoculated by injecting the bacterial suspension from
the output reservoir for 30 min at 1 dyne/ cm?. The setup was placed on the heating plate at
37 “C. Finally, the bacterial suspension was added to the inflow well for 72 h with pressure
and temperature settings of 0.2 dyne/cm? and 37 °C. Fresh medium was added every
24 h to the input well, and the medium in the output well was discarded. Biofilms were
recorded at 24, 48 and 72 h.

To mimic the first step of clinical management of a chronic wound, we developed an
invitro automatized debridement method to remove part of the pre-formed biofilm [26].
After 72 h of biofilm formation, a shear flow of 5 dynes ,-’cm was applied from the inflow
well to the outflow well for 10 min. The flow was then reversed between the inflow and the
outflow wells for 10 min. This process of flow reversion was performed twice. The aim of
this flow inversion was to significantly reduce the biofilm constituted in the microfluidic
channel to 10-~15% of the remaining biofilm in the channel to mimic in vivo conditions [16].
After this in vitro automatized debridement, a dynamic flow (0.2 dyne /em? at 37 °C for
24 h) of antiseptics was applied to evaluate their actions on the remaining pre-formed
biofilm. The residual biofilm percentage after antiseptic contact was calculated by dividing
the biofilm percentage after antiseptic contact by the biofilm percentage before antiseptic
contact *100. The concentrations of antiseptics used corresponded to the commercialized
compounds at their pure concentrations.

4.5. Statistical Analysis

All statistical analyses were carried out using the R® software version 4.0.2. A
Wilcoxon Rank-5um test was used to analyze the distribution of the living bacterial load
results and assess the residual biofilm in the dynamic model.
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5. Conclusions

In chronic wounds, pathological biofilms formed by I aeruginosa are particularly
prevalent and difficult to treat. Indeed, new therapeutic strategies are needed, and the
determination of the in vitro efficiency against pre-formed biofilms is a great first step in the
discovery of methods for the future management of these infections. Cur study highlighted
that sodium hypochlorite was the most effective antiseptic against biofilms formed by
P aeruginosa. This compound was active against these bacteria at concentrations lower than
the commercialized one. It presented a MIChk lower than MIC (1:8 vs. 1:3), demonstrating
its activity against biofilm formation. Moreover, at this concentration, it reduced the living
It aeruginosa load formed in biofilms by 10-log, suggesting that there was no need to
increase the antiseptic concentration to reduce mature biofilms. Finally, the use of sodium
hypochlorite significantly reduced the biofilms after in vitro automatized debridement.
Clinical studies are now necessary to confirm the results of this study, demonstrating that
antiseptics are an interesting alternative solution for the management of DFUs.
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Publication scientifique N°3 : contexte et résumé introductif

Apres I'évaluation des propriétés antibiofilm des 4 antiseptiques (HS, PHMB,
PVPI et Octénidine) sur le biofilm de Pseudomonas aeruginosa, nous nous sommes
ensuite intéressés a ces mémes propriétés sur le biofilm de Staphylococcus aureus. Cette
bactérie est en effet le microorganisme le plus fréquemment associé aux ulceres de pied

chez les patients diabétiques[8,9].

Nous avons utilisé 4 souches de S. aureus. La souche de laboratoire Newmann,
ainsi que 3 souches issues de prélevements cliniques de débridement de plaies infectées
a un grade 3 de pied chez les patients diabétiques : SAC1, SAC2 et SAC3. Nous avons
utilisé la méme stratégie de modeles multiples pour évaluer exhaustivement I'impact
des antiseptiques a différentes étapes de la vie du biofilm : ' ATBFG® pour évaluer
I'impact des antiseptiques sur la formation du biofilm, le modele de dénombrement de
la charge bactérienne vivante du biofilm pour évaluer la capacité des antiseptiques a
réduire d'un logl0 la charge bactérienne vivante d'un biofilm et enfin le modele
dynamique en flux, Bioflux ® pour évaluer la capacité des antiseptiques a réduire
significativement le biofilm apres débridement. Nous avons également associé les
modeles de biofilm au milieu plaie (CWM®) pour mimer le microenvironnement des
plaies chroniques. Nous avons enfin apres exposition du biofilm pendant 72h aux
antiseptiques a l'intérieur du Bioflux®, effectué un nouveau débridement pour
récupérer des souches sessiles libérées du biofilm. Nous avons estimé a nouveau les
CMI des antiseptiques pour ces souches sessiles libérées pour évaluer une tolérance

précoce aux antiseptiques.
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Comme avec P. aeruginosa, les 4 antiseptiques ont démontré via le modele du
BRT® un effet inhibiteur sur la formation du biofilm de S. aureus a des concentrations
tres inférieures a celles des solutions commercialisées. En termes de dilution, ces
concentrations étaient de 1 :20 pour I'hypochlorite de sodium, 1:100 pour la PVPI et
1:400 pour le PHMB et I'octénidine. Sur le modele de dénombrement de la charge
bactérienne, des dilutions de 1 :3 pour I'hypochlorite de sodium, 1:8 pour la PVPI et
1:100 pour le PHMB et I'octénidine ont été requises pour réduire d’un log10 la charge
bactérienne vivante du biofilm monoespece de S. aureus. Avec le modele dynamique en
flux, I'octénidine a été l’antiseptique avec le moins d’effet. L’octénidine a uniquement
réduit significativement le biofilm de la souche de référence. L’effet du PHMB était
limité a 2 souches cliniques. L’hypochlorite de sodium a été l’antiseptique le plus
efficace pour réduire significativement le biofilm apres le débridement in vitro, sur le
biofilm des 4 souches utilisées. L'utilisation du milieu plaie a révélé une formation de
biofilm facilitée ainsi qu'un biofilm plus dense. Cela a impacté tous les modeles par la
nécessité de concentrations d’antiseptiques plus élevées pour atteindre le méme effet
antibiofilm par rapport au milieu controle, le BHI. Le seul antiseptique qui n’a pas été
impacté par le milieu plaie était I'’hypochlorite de sodium. A sa CMI, I'hypochlorite de
sodium a eu un effet antibiofilm aussi bien sur la formation de biofilm, sur la réduction
de la charge bactérienne d'un logl0 mais également sur la réduction significative du
biofilm post débridement in vitro. Apres exposition de 72h, la CMI des antiseptiques
pour inhiber la formation des souches sessiles libérées du biofilm était identique a celle

des souches planctoniques initiales, supposant une absence de tolérance.

L'hypochlorite de sodium semble étre le candidat idéal pour réduire la formation
de biofilm et contenir la progression du biofilm post débridement. Ces résultats sont a
confirmer par des évaluations sur du biofilm polymicrobien et bien évidemment sur des

études cliniques randomisées de qualité.
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Abstract: DFU is a major public health issue with severe complications. During DFU treatment,
the main complication is biofilm formation. Biofilm is assodated with wound chronicity and anti-
biotic resistance. Antiseptic agents are recommended in DFU treatment strategy to address biofilm
and reduce antibiotic resistance. There is a lack of studies comparing antiseptic agents. We evalu-
ated 4 antiseptics (Sodium Hypochlorite, Polyvinylpyrrolidene iodine (PVPIL); PolyHexaMeth-
yleneBiguanide (FHME) and Octenddine) using multiple biofilm models. Biofilm was formed from
ane reference and 3 DFU isolated 5. morens strains. Staphylococous moreus is the most prevalent mi-
croorganism in Diabetic Foot Ulcer (DFU). Antiseptic efficacity against biofilm formation and ma-
ture biofilm were evaluated using the Biofilm Ring Test (BRT) @ and a quantitative biofilm reduc-
tion test. The Bioflux ® model was adapted for evaluating antiseptics in dynamic conditions.
Chronic wound media (CWMjwas coupled with the models to mimic wound micre-environment.
Low antiseptic concentrations inhibited biofilm formation. To reduce of 10 log the bacterial load of
a 72h biofilm, 4 to 10 higher dilutions were required. PVFI could not be tested using the dynamic
model. Our results in the dynamic model identified Sodium hypochlorite as a relevant antiseptic
for DFU treatment.

Keywords: antiseptic; biofilm; DFU; Staplylococcus mreus; CWM; Antibiofilmogram®; chronic
wound; FHME; PVPL; Octenddine; Sodium Hypochlorite.

1. Introduction

One adult in ten worldwide is estimated to suffer from Diabetes mellitus (DM)[1].
The number of DM patients is continuously increasing, from 151 million in 2000 to 463
million in 2019, now 536 million in 2021 and an estimation of 783 million for 2043[1,2].
Diabetic Foot Ulcer (DFU) is one of the main DM complications, affecting 15-25% of DM
patients[3]with up to an estimated 42% 5 years mortality rate[4]. DFU is naturally colo-
nized with microorganisms[5,6]. In 80% of chronic wounds as DFU, microorganisms
aggregates in a commumity called biofilm [7,8]. Inside this biofilm, a self-produced ex-
tracellular polymeric substance (EPS) matrix protects microorganism[9,10]; making then
unreachable to DFU treatments[3,11]. Consequently, Biofilm delays wound healing[12].
Biofilm also enhances antibiotic tolerance[13,14]and horizontal gene transfer, resulting
in resistance diffusion and Muti drug resistant (MDE) strains selection [15,16]. For this
reason, biofilm management is now a key point in DFU management[8,17]. Many anti-
biofilm strategies are recommended or under review for biofilm reduction (enzymes for
EPS dispersal, nutraceuticals, phage therapy, next generation dressings, antimicrobi-
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als.. )[18].. The inappropriate use of antibiotics as antibiofilm agents can lead to MDR
strains selection[9]; espedially when up to 1000 times higher antibiotic concentrations are
required for biofilm eradication, compared to planktonic bacteria[ll]. In this context,
Antibiotic use is limited to DFU infection[8,19]. On the other hand, despite the lack of in-
ternational consensus for their use, antiseptics as Sodium hypochlorite (SH), Octenidine,
Polyhexamethylene Biguanide (PHMB) and Polyvinylpyrrolidone iodine (PVPI) are in-
creasingly given a pivotal role as recommended antimicrobials in DFU manage-
ment[17,19-21]; espedially due to the absence of reported resistance so far[19,22]. There
is however a lack of evidence comparing antiseptic agents to recommend one antiseptic
over others[23]. The major difficulty in comparing antibiofilm agents, is the lack of bio-
film models representative of the chronic wound microenvironment[24,25]. The wound
microenvironment modulates bacterial behavior and is crucial for bacterial survival in
hostile environment[26]. In mive biofilm study models fail in reproducing the wound mi-
croenvironment, are expensive and not reproducible depending on subject varia-
tion[24,25]. In mifre models fail to reproduce the wound micro-environment, and the in-
teraction between microorganisms and host cells in the biofilm[24]. The exitrapolation of
the findings using the current models is limited [25,27]. To encompass this problem, a
multiple model strategy is recommended in biofilm studies[25]. To mimic wound mi-
croenvironment, a relevant media called Chronic Wound Media (CWM) was recently
developed for biofilm studies[28]. Another limitation of biofilm models is the microor-
ganism used in biofilm formation models. Although Staplylococcus aureus is the most
prevalent microorganism in DFU[29,30], biofilm studies mainly focus on Pseudomonas ac-
ruginosa due to its strong biofilm forming ability[10,31].

Here in, we combined the CWM with 1 static (Antibiofilmogram &) , 1 quantitative
microbial load reduction and 1 dynamic (Bioflux &) models to study antibiofilm efficacy
of 4 antiseptic agents (PHMB, PVPI, Octenidine and Sodium hypochlorite) on biofilms
from 1 reference and 3 DFL isolated strains of 5. aurens.

2. Materials and Methods

2.1 Media, strains, and antiseptic agents

Table 1: Media, strains, and antiseptic agents of the study

Media Characteristics Reference
BHI Brain Heart Infusion Sigma-Aldrich
LB Luria Bertani broth Sigma-Aldrich
CWM Chronic Wound Medium, medium mimicking m vivo [28.32]
conditions encountered in chronic wounds
Strain [28,32,33]
Newman Reference strain
SAC1 Staphylococcus murens clinical strain isolated on a [28]
Grade 3 DFI (patient n°1)
SAC2 Staphylococens aurens clinical strain isolated on a [34]
Grade 3 DFI (patient n®2)
SAC3 Staphylococens aurens clinical strain isolated on a [34]
Grade 3 DFI (patient n°3)
Antiseptics
Sedium Hypochlorite 5g.L-1 (Dakin &, Cooper, France)
(sH)
Polyvinylpyrrolidone 100g L1 (Betadine ®, Mylan Medical, France)
iodine (PVFI)
Polyhexamethylens lg Lt (Prontosan & 0.1% undecylenamidopropyl-
Biguanide (FHMBE) betaine and 0.1% PHMB in aqueous solution; B.

Braun Melsungen AG).
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Octenidine 0.5g L7 (Octenelin® wound irtgation solution,
Schuelke und Mayr, Norderstedt, Germany)

2.2 Susceptibility testing

The microdilution broth method was used for the determination of the MIC (Mini-
mal Inhibitory Concentration), according to the European Committee for Antimicrobial
Susceptibility Testing (EUCAST) recommendations
(https:/fwww eucast org/clinical_breakpoints). For adaptation to antiseptic agents, the
BHI medium was used instead of the Mueller Hinton (MH) medium. A susceptibility
test range of [1:2 to 1:2048] was tested for every antiseptic agent. Bacterial cultures were
retrieved from a fresh aerobic 37°C overnight incubation for the experiments. Each anti-
septic experiment was replicated 6 times.

2.3 Impact of antiseptics and CWM on early biofilm formation kinetic

Biofilm ring test (BRT) ® (Biofilm Control®, Saint Beauzire, France) was used in
studying the early biofilm formation kinetics, using the capacity of biofilm in blocking
magnetic fields[35]. Succinctly, fresh Staplylococous mrens bacterial cultures were stand-
ardized to a final 4. 10# (Colony Forming Unit per milliliter) CFU.mL" concentration and
a 200mL velume. A 1% (vol/vol) magnetic beads (TONO04) sclution was added to the
bacterial suspension in a 96 well microtiter plate. The plate was set for 4 hours of incuba-
tion at 37°C without shacking. 100uL of liquid contrast were added to each well after in-
cubation. Then a 5 min position on a magnetic block induced the submission to a mag-
nefic field. The plate was scanned with the Biofilm Control Reader (BFC Elements & 3)
and analyzed with the Biofilm Control Software (BFC Elements @ 3). This software cal-
culates Biofilm Formation Index (BFI) ranging from 0 to 20. Low BFI values (<2) indicate
a strong bicfilm formation profile while as high BFI values(>7) indicate low biofilm for-
mation profile in microorganisms[36]. High BFI values are visually represented by a
brown spot at the end of the well, when low BHI values show no spot and an homogenic
suspension in the well. Human keratinocytes debris were removed from the CWM me-
dia used for BRT ® experiments , to avoid interaction with the magnetic beads. A line of
12 wells with magnetic beads and media was added to each plate to serve as conirol . 4
replicates were performed.

The impact of antiseptic agents on early biofilm formation kinetics was investigated
with the Antibiofilmogram(ATBFG)&. This test shares the same principle with the BRT®
[37]. Antiseptic dilution (1:2 to 1: 1024) were added to the wells containing bacterial sus-
pension and magnetic beads before incubation. The PVPI and Sodium hypochlorite solu-
tions used in this study were colored and did not allow an exact MBIC value based of
the BFI values[36] results as previously described[38]. We measured for the purpose of
this study the partial MBIC (pMBIC) as the minimal conceniration at which a brown
spot formation is present at the bottom of the wells. The brown spots indicate no biofilm
formation, suggesting an antibiofilm properties against biofilm formation early steps.
The ATBFGE® test was proceeded in BHI and CWM to evaluate the impact of antiseptics
in a wound-like micro-environment.

2.4 Antibiofilm properties against 72h static mature biofilm

Antiseptic efficacy against 72h mature biofilms was evaluated using the quantifica-
tion of the bacterial load [39]. Briefly, an adjustment at 1 = 0.05 optical density (ODsm)
was proceeded on overnight bacterial cultures. To form a 72h static biofilm, the previous
bacterial suspension went through a 1:100 dilution then 72h humid incubation at 37°C
without shaking in 2 flat bottom 96 wells. Every 24h, fresh medium was added to the
wells. Negative control included a well line with media only. Following the 72h of incu-
bation, one plate was put in contact for 24h, with a 1:2 to 1:1028 range dilution of anti-
septic agents. Negative control plate consisted of 24H contact with media solution. The
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other plate went through the quantification process as follows. (i) PBS selution washing
thrice; (ii) 200 puL of PBS addition; (iiif) Biofilm disruption with 10 min sonication at 40
kHz; (iv) 10-fold serial dilutions; (v) Last dilution plating on agar plates (vi) Plates incu-
bation for 24h at 37°C: (vii) CFU count after incubation. After 24h of incubation, the first
plate also went through quantification process. In practice, antiseptic agents are used to
complement clinical debridement by 10 to 15%[40]. We then determined the concentra-
tion of antiseptic required to reduce the bacterial living load by 10%.6 replicates of this
experiment were processed.

2.5 Anfiseptic dynamics

Anfiseptics dynamic on biofilm was evaluated using an adapted in vitre technolo-

gv[32]. based on a microfluidic system[41], the Bioflux™. The system used in this study

consists of a 48 well plates with microfluidic channels connecting wells by pair (an inlet
well and an outlet well); a heat pad; an automated air compressor and an eleciromagnet-
ic regulator. These components, added to the laminar flow induced by the size of the
wells, produce a uniform biofilm formation and a precise pressure delivery in the whole
plate. A Leica DM IRB inverted fluorescence microscope and a CoolSNAP FX black and
white camera (Roper Sdentific ®, Trenton NJ, United States) were coupled with the sys-
tem for visualizing biofilm formation and acquiring or recording automated images. The
plates of the system can be examined through microscope by their bottom, manufac-
tured in 180 pum coverslip glass[42]. The temperature was set at 37°C throughout the ex-
periment. Before all else, the chanmels were primed with warm media, introduced in the
inlet wells for 10 min at a 1 dyne.cm? flow. The channels were emptied after the 10 min
priming steps. Fresh bacterial suspension was added from the outlet well for 30 min at a
ldyne.cm? flow. The suspension was prepared by an ODwwo adjustment at 1 2005 and a
1:200 dilution of a fresh overnight bacterial suspension. These 30 min ere crucial for bac-
terial attachment. It was followed by a bacterial suspension transfer in the inlet well for
72h at a 0.2 dyne.cm? flow. Every 24h, biofilm formation was visualized for the experi-
ment control microscope and recorded. Also, every 24h, fresh media was added in the
inlet well and the outlet well was emptied. After the 72h breakpoint, to mimic a clinical
management of a chronic wound, an automatized debridement was processed as previ-
ously described[32]. A 5 to 20 dyne.cm? flow was applied from the inlet to the outlet
well, then reversed from the outlet to the inlet well. A visual control was performed eve-
ry 10 to 30 min depending on biofilm percentage until the residual biofilm was visually
estimated in a range of 10 to 20% of the biofilm formed at 72h. Biofilm images after au-
tomated debridement process were also recorded. The next step of the experiment con-
sisted in antiseptic application at commercial concentration and a 0.2 dyne.cm? flow for
7Zh. Saline solution was applied as conirol. Every 24h, images of biofilm were recorded.
Imaging was processed with MetaVue ™ software (Molecular Devices, Sunnyscale, CA,
USA) was used for. The Image] ® software allowed images analysis including images
processing, coloring, scale bars inclusion and biofilm percentage calculation. The calcu-
lation was proceeded through the adjustment of 16-bit grayscale images using the
“threshold” function and the “Analyzes particles” function, as previously described
[£1,43]. Biofilm percentage at each step was calculated as the surface of the well covered
in biofilm, divided by the entire surface of the well "100. These experiments were repli-
cated twice.

After automated debridement process and 72h anfiseptic contact bacteria dispersed
from the biofilm was retrieved and went through another series of susceptibility tests to
evaluated adaptation to antiseptics after a long exposure.

2.0 Statistical analysis
R & software (4.0.2 version) was used for statistical analyses. Analysis of the living
bacterial load distribution results and the residual biofilm in the dynamic model were
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performed with a Wilcoxon Rank Sum test. BFI values were subjected to a t-student test
analysis. Significance levels were set a p value inferior to 0.05 .

3. Results

3.1 Susceptibility testing

Every antiseptic agent displayed the same MIC value in 6 replicates for each strain.
We expressed values in concentration (10~ g.L") and in dilution ration from the commer-
cial solution (V:V). SH MIC values were 83010 gL' and 1:6 for Newman and 166010+
gL (1:3) for the 3 clinical strains. PVPI MIC values were 1000010+ g.L* (1:10) for the 4
strains. PHMB values were 5102 g.L* (1:200) for all strains. Octenidine values were 2.5
(1:200) for all strains.

3.2 Antiseptics and CWM impact on biofilm formation kinetics

Biofilm Formation Index (BFI) values were low(0.03 [-0.03, 0.10] for the laboratory
strain (Newman) and the clinical strains (SACI1, SAC2, and SAC3) [0.01-0.12].

The partial biofilm Minimum Inhibitory Concentrations (pbMIC) wvalues were
0.125x102g L* (1:40 dilution) for SH; 1000x10*g.L" (1:100 dilution) for PVFPL; 2.5x10-3g.L"
(1:400) for PHME and 1.25x107g.L" (1:400) for Octenidine. These values are lower than
MIC values ( 7 to 14 folds for SH, 10 folds for PVFPI and 2 folds for PHMB and Octenid-
ine). Higher antiseptic concentrations were required to reach the pMBIC in CWM com-
pared to BHI. pMBIC values are compared to MIC in Figure 1. The same values were ob-
tained for the & replicates.
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Figure 1: Comparison of Mininum Inhibitory Concentrations (MIC) and partial biofilm Minimal
Inhibitory Concentration (pbMIC) values for (A) Sodium hypochlorite, (B) Povidone iodine, {C)
PHME and (D) Octenidine on 4 Stgpiylococaes maens strains (a Newman reference strain and 3
clinical strains (SACI, SAC2 and SAC3). pbMIC values are displayed in plain for BHI medium and
stripped for CWM medium. MIC values are represented as a plain greyline on top of pbMIC lines.
Values are displayed in g L?

3.3 Antibiofilm properties of antiseptics on a 72h mature biofilm

For all strains, the mean 72h old biofilm bacterial load values distribution in BHI
was inferior to the distribution in CWM. (p value= 0.0074, 0.0079, 0.0048 and 0.0022 re-
spectively for Newman, SACL, SAC2 and SAC3). No significant difference was found in
the living bacterial load distribufions of Newman reference strain compared to the clini-
cal strains. Nor in BHI media(p value= 0.6095 for Newman vs SACI; 0.5847 for Newman
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vs SAC2 and 0.4576 for Newman SAC3); neither in CWM (p value= 0.1905 for Newman
wvs SACI, 0.4555 for Newman vs SAC2 and 0.9 for Newman vs SAC3). The mean load
values are represented in Figure 2.
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Figure 2: Mean living bacterial load of a 72h mature biefilm for (A) Newman reference strain and
clinical strains (B) SACI, (C) SAC2 and (D) SAC3 in BHI broth and Chronic Wound Media
(CWIM). Results are presented as the mean + standard deviation. Average CFU per well was calcu-
lated from six independent experiments. Wilcoxon Eank Sum test using the R*® software in its 402
version allowed comparison between BHI and CWM in terms of the mean bacterial load. ™, p =
0.0

Since bacterial load reduction is clinically achieved up to 90% with wound deb-
ridement[40], we determined the required concentrations for a 10log reduction in the liv-
ing bacterial load of a 72h static biofilm (Table3). Higher PVPI, PHME and Octenidine
concenirations were required in CWM compared to BHI for that reduction. Sodium hy-
pochlorite CMI concentration induced a 10log reduction in BHI as in CWM 72Zh static
biofilm bacterial load.

Table 2: Antiseptic concentration (in 102 g L) and dilution ratios (in V:V) inducing a 10log living
bacterial load reduction in a 72h static biofilm for reference strain Newman and 3 clinical strains
(SACI, SAC? and SAC3) in BHI media and CWM .

SH PVPI PHMB Octenidine

BHI (V:V) CWM (VW) BHI (VW) CWM VWV BHI WV:V CWM V-V BHI V:V CWM V'V

a 1866 13 1866 13 sz g5 sp 12 10 1100 20 150 5 1100 10 150
sacy 1666 13 1666 13 gsz 1y 5p 12 10 L1100 20 150 5 1100 10 150

1100 10 1:50

u

sacs 1666 13 1666 13 gaz g5 5o 12 10 L1100 20 150

sacs 1866 13 1686 13 5o gg 5o 12 10 1100 25 140 1100 10 150

L]

3.4 Antiseptic dynamics
Vith the dynamic model, the biofilm formation was significantly faster in CWM
with a higher biofilm formation percentage at 24 and 48h ( p value = 0.05) for all strains.
Visually, the 72h mature biofilm in CWM was denser and heavier compared to BHL
Residual dynamic biofilm after debridement (control) and after 72h contact with an-
tiseptic at commercial dilution is reported in Figure 3. The mean control of biofilm re-
sidual percentage at 72h post automated debridement process without antiseptic was
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12% for all strains. This value was compared to the residual biofilm post automated deb-
ridement process and 72h antiseptic contact for all antiseptics on every strain.
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Flgure 3. Residual biofilm percentage after in vitro debridement and after 72h antiseptic contact at
commerdal concentration for Sodium Hypodhlorite(A, pink); PHME (B, blue) and Octenidine (C,
red) for Newman reference strain and 3 clinical strains (SACL SAC2 and SAC3), in dynamic flow
model. Results are presented as the mean = standard deviation. A mean 12% biofilm was residual
after in vitro debridement (grey conirel line). Residual percentage is represented in plain column
for BHI medium and striped colummns for CWM. ™, p=<0.1; ™p < 0.01.

3.5 Adaptation to antiseptic after a 72h exposure

After 72h exposure to antiseptic in the Bioflux ™ microfluidic system, sessile bacte-
ria freed from bicfilm MIC values were evaluated. These MIC values were the same as
MIC values of planktonic bacteria .

4. Discussion

DFU is a raising public health challenge. Difficulties in making DFU infection diag-
nosis and the organization of DFU commensal microorganism in biofilm lead to im-
paired wound healing and MDR bacteria diffusion through inappropriate antibiotic use.
Anfiseptics may represent an alternative with a lack of resistance. Four antiseptic agents
were evaluated in this study for their efficiency against 5. aurens biofilm, the most preva-
lent bacteria in DFU. The study used a multiple model approach including a medium
that mimics DFU microenvironment.

While testing susceptibility, previous studies determined wvarious MIC values for
the tested antiseptic agents, as presented in Table 3. For SH, the 1666x10*g L" (1:6 dilu-
tion) found in this study is lower than those previously found [44—49]. The 10000x10-g.L
1(1:10 dilution) MIC value of PVPI found in this study higher that the 781.5 to 4094x10
*g.L7range found in previous studies [46,48,50-53]. The 5 10-g.L* MIC value of PHME
found in the current study is consistent with the 1 to 10 10°g L* range of previous stud-
ies [51-58]. When testing MIC of Octenidine, previous studies found a MIC The 2.5 10
3g.L7{1:200 dilution) Octenidine MIC value found in the current study is at the top of the
0.5 to 2 10°g.L" range previously found[51-53,59-62]. A direct comparison is neverthe-
less limited by differences in strains and media amongst studies, as previously docu-
mented[63,64]. Independently of the study and the methodology, MIC values are strong
dilutions of the 4 antiseptics commercial solutions. These antiseptic solutions have anti-
microbial properties against planktonic 5. aurens af weak concertrations.

234
235

236
37

238
239
240
241
242

243
242
245
246

247

245
249

260
261
262
263
264
265
266
267

89



Antiseptiques et biofilm des plaies chroniques

Fharmacentics 2022, 14, x FOR. PEEE. REVIEW

Table 3: Reported MIC values of Sodium Hypochlorite, FVFL, PHMB and Octenidine

Antiseptic MIC Dilution 5. aureus strain Method Study
1% 15 ATCC 6538 Personal Estrela et al[44]
E 0.025% 1:20 NCTe571 Personal Locker et al[45]
E 938 10#g L1 15 ATCC25923 Personal Penna et al [46]
E 512 10+g.L1 1:10 60 clinical isolates Microdilution broth  Kawamura et al [47]
;E;: 2000 103g L1 1:25 1532 isolates Microdilution broth ~ Morrissey et al [49]
Z 1250 102g L 14 ATCC 27853 Microdilution broth Gupta et al[48]
E 512-1024 10 110-1:5 ATCC 6538 German Microdilution Koburger et al[53]
= gLt broth
% 830-1e66 10 1:6-1:3 Newman and 3 clini- Microdilution broth Current study
gLt cal isolates
PVPI 0.08% 1:125 ATCC 25923 Microdilution broth Sa et al [50]
781.5 105g. L1 1:128 ATCC 25923 Microdilution broth Gupta et al[48]
6250 10%g L 1:16 ATCC 25923 Personal Penna et al [46]
2000 10g.L" 1:50 ATCC 29213 Microdilution broth Hirsch et al [51]
1028-4094 10 1-100-1:25 ATCC 6538 and 30 Microdilution Broth Dittman et al [52]
gLt clinical izolates
512 10+g.L7 1:200 ATCC 6538 Microdilution broth Koburger et al[53]
10000 10-3g L 1:10 MNewman and 3 clini- Microdilution broth Current study
cal isolates
10107°g.L? 1:100 ATCC 29213 Microdilution broth Hirsch et al [51]
05-110%g L* 1:2000_-1:1000 ATCC 25923 and 3 Microdilution broth  Lopez-Rojas et al[54]
clinical isolates
1-810%g L1 1:1000 to 1:125 40 clinical isolates Microdilution broth Zhou et al [55]
1-210% L' 1:1000-1:500  ATCC 6538 and 30 Micredilution Broth Dittman et al [52]
o) clinical isolates
z 1-2105gL*  1:1000: 1:500 100 clinical isolates Microdilution broth Fabry et al [56]
E 05-810%gL" 1:1000 54 clinical isolates Microdilution broth Renzeni et al [57]
1-2105g Lt 1:1000: 1:500  ATCC 29213 and 15 Microdilution broth Aszadian et al
clinical isolates
110%g.Lt 1:1000 ATCC 15442 Microdilution broth Koburger et al[53]
510%g L1 1:200 Newman and 3 clini- Microdilution broth Current study
cal isolates
110%g L 1:500 ATCC 29213 Microdilution broth Hirsch et al [51]
05-110%g L 1:1000-1:500 335 clinical isolates ~ Microdilution method Zheng et al [59]
05-210*gL* 1:1000-1:250 878 clinical isolates ~ Microdilution method Hiun et al [60]
o 025-210%g L1 1:2000-1:500 ATCC 25923, ATCC  Microdilution method Nicolae Dopeea et al
% 43300 and 2 clinical [61]
E isolates
8 02-0410%g L' 1:2500 -1:1250 ATCC 25923, ATCC  Microdilution method Grecka et al [62]
25213 and 3 clinical
isolates
210%g L1 1:250 ATCC 15442 Microdilution broth Koburger et al[53]
1-210%g L1 1:500- 1:250 ATCC 6538 and 30 Microdilution Broth Dittman et al [52]
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2510%g L

clinical isolates
1:200 MNewman and 3 clini- Microdilution broth Current study
cal isolates

The Antibiofilmogram test(ATBFG)®, based on the Biofilm Ring Test (BRT)® was
adapted to assess the impact of antiseptic on 5. aurens biofilm formation kinetics[38].
This test evaluated antiseptic impact on biofilm formation. The results were expressed as
the partial biofilm Minimal Inhibitory Concentration (pbMIC). pbMICT results indicated
that biofilm formation inhibition was obtained at 2 to 8 times lower values than the CMI
for all antiseptic agents. To the best of our kmowledge, this is the first study evaluating
antiseptic agents on S.aureus biofilm using the ATBFG @ test. These results are signifi-
cant for DFU management. They imply that the 4 antiseptic agents could be used in DFU
management for preventing biofilm formation. ATBFG @ results also indicated that 2 to
6 folds higher concentrations were required to reach the pMBIC in CWM for all antisep-
tic agents, resulting in higher pMBIC values in CWM than in BHI These values however
are =till 1:400 to 1:40 times lower than commercial solutions concentration. These results
may be directly linked to the impact of CWM on biofilm formation Prior works with
CWM noted a significantly accelerated biofilm formation kinetic in CWM compared to
BHI. [28,32]. As CWM boosts the biofilm forming capacity of 5. mureus, higher antiseptic
concentrations may be required to inhibit biofilm formation.

We evaluated the antibiofilm effect of the 4 selected antiseptics on a 7Zh mature
static biofilm. 5:4 (PVPI) to 2 (Octenidine and PHMB) times higher concentrations than
those required for biofilm formation inhibition were required for a 10log reduction in
bacterial load. These results may be explained by the presence of the EPS that compli-
cates access to microorganisms in the biofilm. Compared to BHI, 2 (Octenidine and
PHME) to 4 (PVPI) times higher antiseptic concentrations were required in the CWM for
a 10log reduction of a 72h static biofilm bacterial load. Compared to CMI, 4(Octenidine
and PHMB) to 10 (PVFI) higher concentrations were required in the CWM for a 10log
reduction of a 72h static biofilm bacterial load. Only SH was effective in reducing bacte-
rial load by a 10 log at MIC concentration independently of the medium. These results
are likely to be related to the impact of the wound microenvironment on biofilm The
bacterial load of a 72H static biofilm in CWM was significantly higher than the bacterial
load of a 72H static biofilm in BHI. The 72h static biofilm in CWM was denser and heav-
ier compared to BHI, similar to what was previously reported in the wound bed[32]. The
biofilm the heavier and denser biofilm in CWM may further limit antiseptic efficency
than the one in BHI. In addition, a decreased activity in presence of organic matter, as
those present in the wound microenvironment is known and described for antisep-
tics[65]. PVFIL, PHMB, and Octenidine, were previously reported to be inactivated by the
presence of material load[66]. Sodium hypochlorite affected by organic matter as previ-
ously reported[67]. SH CMI value induced a 10log reduction in the bacterial load both in
BHI and CWM. According to this model, SH seems to be the best antiseptic for reducing
the bacterial load of a mature static biofilm. Nonetheless, a note of caution is due there
since concentration values for the 10log reduction were lower than commercial values.
At commercial value, all antiseptics induced a 10log reduction in a 72h static biofilm in
both CWM and BHI. The 4 selected antiseptic are still effective in reducing by 10 log the
bacterial load of a 77h static biofilm at commercial values.

In clinical practice, bacterial offloading is obtained with clinical debridement up to
85-90%. Antiseptic adjunction is complementary to that debridement. To mimic clinical
conditions, we then assessed the antibiofilm properties of the 4 selected anfisepfic agents
using a dynamic fluidic model and an in vitro debridement. Using the dynamic model,
and commercial solutions, PVPI could not be assessed due its dark color that prevented
biofilm microscopic examination. Biofilm formation was significantly accelerated in the
CWM compared to BHI in the dynamic model. Nutritionally balanced media like CWM
close to the wound micro-environment are assumed to enhance biofilm formation[68].
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These results endorse the previous ones that highlight the importance of wound micro-
environment in biofilm studies and by extension, the importance of culture media in in
vitro biofilm studies[24,25,28,31,68]. PHME and Octenidine showed a strain dependent
effect in the dynamic model. After In vitro debridement process, only Newman biofilm
was significantly reduced by Octenidine. PHME reduced SAC 2 and SAC3 biofilm per-
centages. On the other hand, SH significantly reduced biofilm percentage after m wifro
debridement for all strains to a mean 6% biofilm percentage up to 7Zh after antiseptic
contact. These results suggest SH prevented biofilm reformation after debridement in
addition to biofilm reduction. The Bioflux & dynamic model, coupled with the CWM
was developed as a relevant tool for biofilm studies for mimicking wound micro-
environment{32]. The findings using this model are estimated closer to clinical DFU
treatment. We can then assume SH to be the best antiseptic for DFU treatment. It could
be argued SH superiority is related to its mechanism of action. PHMB and Octenidine
mode of action relies on their penetration through the bacterial membrane[69,70]. SH on
the other way has a multiple mode of action that combines protein degradation, oxidiz-
ing action, direct interaction with the membrane and reactive oxygen species[67]. Inter-
estingly, PHME was efficient against 2 strains (SAC 2 and SAC3) while Octenidine was
efficient only against Newman laboratory strain. A possible explanation may be the
presence of betaine in the PHMB solution used in this study[71]. As surfactant agent, be-
taine was previously reported as biofilm disruptor agent that can induce a better toler-
ance and enhance membrane penefration[72]. This betaine biofilm disruptor effect may
boost PHME effect but even so ,PHME action was limited to 2 strain biofilms over the 4
tested.

Following automated debridement process and a 72h contact with PVPI, Octenidine
and Sodium Hypochlorite in the dynamic model, freed sessile bacteria from the 4 strains
biofilm was retrieved. We performed a second susceptibility test to evaluate the impact
of the 72h anfiseptic contact on the strain’s susceptibility. The 4 5.aurens strains did not
show any adaptation to the anfiseptic. The MIC values remained stable. The strains did
not develop any adaptation to the antiseptic solutions as previously reported[26,73].
These findings could support the evidence for the absence of adaptation and resistance
reported for PVPI, SH, PHMB and Octenidine[19,22,61,7475]. A note of caution is due
there as antiseptic contact was only for 72 hours.

Omne limitation of the study is the inability to assess FVFI with the dynamic flow
model due to its dark color that blocked microscopical biofilm analysis. This problem is
currently under reviewing. The major limitation of the study was the use of a single spe-
cie biofilm. In fact, DFU biofilm and more generally wound biofilm is predominantly
multispecies [31,76]. In consequence, a further work will consist in adapting this study
design on a multispecies biofilm. Notwithstanding its limitations, this was the first study
combining new relevant tools as BRT ® Bioflux @ and quantfitative load reduction mod-
els in the assessment of antiseptic agents.

5. Conclusions

Biofilm formed by S.awreus is one major challenge in DFU management. Alternative
therapeutics . The present study was designed for assessing 4 antiseptic agents on 5. an-
reus biofilms from ome laboratory and 3 DFU isolated strains in conditions close to
wound-like micro-environment. Sodium hypochlorite seems to be the most efficient an-
tiseptic according to the findings of this study. At its MIC concentration, SH prevented
biofilm formation, and induced a 10-log bacterial load reduction. At commercial concen-
tration, its antibiofilm properties remained stable against the reference and the clinical
strains under dynamic wound-live microenvironment conditions after debridement.
These findings still need to be supported by another assessment on a multispecies bio-
film Clinical studies on the impact of antiseptic agents in biofilm reduction and chronic
wound healing are required to support the results of this study which endorses antisep-
tic agents as a meaningful alternative treatment in DFU treatment.
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www.mdpi.com/foo/s], Table S1: Susceptibility testing : MIC and pMEIC values; Table 52: Biofilm
formation percentage values in the Bioflux ® dynamic model; Table 53: Biofilm formation percent-
age values in the Bioflux ® dynamic model after debridement and after 72h antiseptic contact at
commerdal concentration.
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Publication scientifique N°4 : contexte et résumé introductif

Apres une évaluation des antiseptiques sur du biofilm monoespece, nous nous
sommes intéressés au biofilm bi-especes. Dans le microenvironnement clinique des
plaies chroniques, les microorganismes se développent majoritairement sous la forme
d’un biofilm polymicrobien[211]. Les deux especes prédominantes de ce biofilm

polymicrobien sont S. aureus et P. aeruginosa[10,123,209].

Nous avons utilisé pour ces expérimentations, 2 couples de souches cliniques : le
couple SAC1/PAC1 et le couple SAC2/PAC2. Ces souches ont été isolées de
prélevements de débridement de plaies d’ulceres de pied chez les patients diabétiques
infectées a un grade 3. Nous avons tout d’abord utilisé le modele de quantification de la
charge bactérienne vivante du biofilm pour évaluer I'efficacité du biofilm a éradiquer la
charge bactérienne vivante des biofilm monoespece de ces souches. Nous avons ensuite
utilisé le modele dynamique du Bioflux ® pour étudier la formation d’un biofilm bi
especes avec les 2 couples de souches. Nous avons utilisé les 2 antiseptiques les plus
prometteurs dans les évaluations sur le biofilm monoespece : I'hypochlorite de sodium

et le PHMB.

La formation de biofilm monoespece a été significativement accélérée dans le
biofilm monoespece comme lors des travaux précédents. L’hypochlorite de sodium a
été efficace dans 'éradication significative du biofilm monoespéce de 72h de toutes les
souches a la moitié de sa concentration commerciale. A la moitié de sa concentration
commerciale, I'efficacit¢ du PHMB dans 1’éradication d’un biofilm mature de 72h est
limité pour toutes les souches. Comparément au biofilm monoespece, la formation de
biofilm bi especes a été plus rapide, particulierement dans le milieu plaie (CWM®). Le

sodium hypochlorite a significativement réduit le biofilm bi-especes post débridement
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automatisé indépendamment du milieu utilisé. Cet effet a persisté 72h apres
application. Cela suppose que comme trouvé lors de nos évaluations précédentes, I'effet
antibiofilm de l'hypochlorite de sodium persiste jusqu’a 72h mais que cet effet
antibiofilm passe aussi par l'inhibition de la formation d'un nouveau biofilm. L’effet du
PHMB était moins évident. Il s’est limité au milieu contrdle le BHI pour les 2 biofilm bi

especes. Le PHMB était inefficace dans le milieu CWM ®.

Ces résultats permettent de positionner I’hypochlorite de sodium en avant dans
la prise en charge des ulceres de pied chez les patients diabétiques par rapport au

PHMB.
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Abstract: In vitre biofilm models are a mandatory step in antimicrobial evaluation for DFU treat-
ment. In a previous work, Sodium hypechlorite (SH) and polyhexamethylenebiguanide (FHME)
were found good candidates for wound antisepsis for a 10 log reduction of single species mature
biofilms of S.aurens and P. asriginesa. This work aims to confirm their antibiofilm properties. We
first evaluated their ability to eradicate a 72h single specie mature biofilm of S.moens and P. asru-
gimosa grew in static conditions. We also evaluated their efficiency in reducing mixed spedies bio-
film of S.aurens and P. aeruginosa in a microfluidic dynamic model. Both evaluations were pro-
ceeded using the CWME, a media model that mimics chronic wound microenvirenment. With the
single specie static biofilm model, both antiseptic agents performed total biofilm eradication. In
the microfluidic system, PHMB showed a media dependent effect and was unable to significantly
reduce biofilm after in vitro debridement. SH on the other hand, significantly reduced biofilm per-
centage up to 72h after its application. This work positioned sodium hypochlorite as a pertinent
wound antisepsis agent in DFU treatment.

Keywords: biofilm; DFU; wound microenvironment, CWM®; S.ooeus; F. asruginoss, antiseptics;
Sodium hypochlorite; FHMB

1. Introduction

Chronic wounds are a serious burden for patients, professional health workers and
the public health systems and economics worldwide[1]. Their prevalence is estimated at
1 to 2% of the population[l]. Diabetic foot ulcers (DFU) particularly are constantly in-
creasing with diabetes mellitus prevalence. Around 10% of the world global population
is now estimated living with diabetes mellitus[2]. 10 to 34% of them is estimated to suf-
fer from DFU at least once in their life[1]. DFU treatment is challenging due to its multi-
ple origin factors but also its numerous complications. Infection is one of the main and
the hardest to treat DFU complications . Wounds are naturally colonized with microor-
ganisms. The distinction between colonization and infections is quite tricky, leading to
an excessive use of antibiotics which is a significant confributory factor to multidrug
resistance[3]. Furthermore, DFU chronicity is linked to the development of the wound
microorganisms in a biofilm mode[4]. Biofilm is believed ubiquitous in chronic wounds,
with the ability to reform quickly after removal[l]. It is a development mode as a com-
munity of microorganism with a slow growth, embedded in a protective extracellular
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matrix[5] This matrix, protects microorganism inside the biofilm from anfimicrobial ac- 45
tivity[5]. Biofilm conformation facilitates resistance gene transfers[6,7], coniributing also 46
to multidrug resistance progression[8]. As for now, biofilm management in DFU treat- 47
ment consists in adequate wound bed preparation and wound debridement[1,7]. That 45
said, debridement is described to eradicate biofilm by 80 to 90%[10]. In addition, inthe 49
24h following debridement biofilm reformation begins[11]. As a consequence, alterna- 50
tive approaches other that antibiotics and wound debridement for DFU management are 51
crucial[3]. Anfiseptic agents are one promising alternative approach for DFU freat- =2
ment[3]. Despite the absence of an international consensus, there are more and more 353
recommendations supporting their use in DFU treatment[12,13]. The regain of interestin 54
wound antisepsis is motivated by the lack of described resistance so far in the mains an- 35
tiseptic agents recommended in chronic wound treatment[13]. Yet, their clinical efficien- 3¢
cy is yet to be proven and there is not enough data supporting the recommendation of 57
one agent over others[14). Until then, i vifro biofilm studies are a precious tool for eval- 35
uating antiseptic agents and orientate clinical studies[15]. For a relevant extrapolationto 39
real-life situations, in vifro antibiofilm agents evaluation should incorporate mature bio- €0
film, wound microenvironment and interactions between host component and microor- €1
ganisms[15,16). We recently developed an in vifro medium named Chronic Wound Me- &2
dium (CWME) that imitates chronic wound microenvirenment[17]. In previous works, &3
we showed that PHME and sodium hypochlorite were effective antibiofilm agents for 10 &4
log reduction in the living microbial load of 72Zh mature single species biofilms of 5. an- €5
reus and P. aeruginesa in this wound-like microenvironment{18]; making them a good &6
complement for wound debridement. We studied inside a biofilm, the bacterial coopera- &7
tion of S.aurens and F. aerugmosa[19]. In this work, we evaluated their efficiency for total 5
eradication of the single specie biofilms. In chronic wounds like DFU, biofilm is mostly ¢
polymicrobial[20]. The evaluation models of antimicrobials should therefore comprise a 70
polymicrobial biofilm in addition to the wound microenvironment[15,16,21]. Also, re- 7

cent reviews recommend the use of visualization technologies and opened models dur- 72
ing biofilm studies[15,16,21-23]. Staplylococcus aurens and P. aerugmosa are the most 73
prevalent species encountered in DFU[24]. Therefore, in this work, we analyzed the for- 7
mation of a mixed species biofilm of S.aurens and P. asruginesa in a microfluidic dynamic 75
model. We evaluated Sodium hypochlorite (SH) and Polyhexamethylenebiguanide 7

(PHME) antibiofilm properties on this mixed species biofilm. 77
2. Materials and Methods 78
2.1, Strains and media 79

2 media and 4 strains were used for this work, as presented in Table 1 . All strains =0
were all isolated from Grade 3 DFU infections. 2 strains were 5. murens and the 2 others 51
P. asruginosa. Strains were transferred from a Brain heart infusion (BHI) agar. Colonies 52
were resuspended overnight in 3mL liquid media (BHI and CWME) at 37°C on a rota- 83
tion shaker at 200 rpm. 54

CWM®E is a media developed in our institute that reproduces wound microenvi- 85
ronment[17]. It comprises heat-inactivated human serum, debris of human keratinocytes 26
and hemeolyzed human blood at a pH of §, as encountered in clinical wounds. We used &7

this CWM® and BHI broth as control. 86
g9
Table 1: Strains and media in the current study 30
Strains Characteristics Reference
SAC1 Staphylococas mirens clinical strain isolated on a Grade [17.25]
3 DT, along with PAC] (patient n°1)
SAC?2 Staphylococcus aurens clinical strain isolated on a Grade [19.25]
3 DET", along with PAC2 (patient n*2)
PAC1 Pseudmmonas asruginosa clinical strain isolated from a [17.25]
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Grade 3 DFTY, along with SACI (patient n°1)
Pseudomnonas aerggiosa clinical strain isolated from a

PAC2 Grade 3 DET", along with SAC2 (patient n®2) [19.23]
Media
EHI Brain heart infusion Sigma-Aldrich
Chronic wound medium ®. A medium that imitates the
CWME microenvironment encountered i vive in dironic [17,19,25]
wounds
*DFI= diabetic foot ulcer infection 91

2 antiseptic agents were evaluated. Sodium hypochlorite (SH), (5gL-1 (Dakin &, 92
Cooper, France); and Polyhexamethylene Biguanide (PHMB), (1g L-1 (Prontosan ® 0.1% 33
undecylenamidopropyl-betaine and 0.1% PHMB in aquecus solution; B. Braun Mel- 354
sungen AG). £l

2.1. Smgle specie nofilm formation and quantification L
Quantification of bacterial survival before and after antiseptic exposure was evalu- 37
ated as follows with a counting system previously described[26]. Fresh overnight bacte- 35
rial cultures were transferred to 3 flat bottoms 96wells plates for 72h humid incubation 39
at 37°C; after a 1 +0.05 OD600 nm adjustment and a 1:100 dilution. Every 24h, fresh me- 100
dium either BHI or CWM was added. At 72h, the plates were supplemented with an 101
equal volume of an antiseptic agent at commercial concentrations or saline solution. 102
These plates were incubated for 24h more at 37°C. Afterwards, every well went through 103
3 washing steps with 200 uL of 1x PBS. A final 200 uL of 1= PBS was added to the wells. 102
They were additionally sonicated for 10 min at 40 kHz for biofilm distuption. Then, eve- 105
ry well was serially diluted, and the last dilution was plated on BHI agar. This BHI agar 106
was incubated overnight at 37°C. After incubation, CFU (Colony Forming Unities) were 107
counted. The living bacterial load before and after antiseptic or saline application were 108

compared. 109
These experiments were replicated 4 imes per strain and per medium. 110
2.2. Mixed species Biofilm formation in a wound like enviroroment in a microfhadic system 111

Mixed species biofilm formation was performed with a microfluidic system, named 112
BioFluxTM 200 (Fluxdon Biosciences Inc, Alameda, CA, USA). The protocol for 'bioﬁ.lm 113
growth in this system was adapted from a previously described one[27]. This sys 112
an automated continuous flow analyzer with standard size well plates. It compn..rea mi- 115
crofluidic channels that connect 2 wells in each plate, an inlet one and an outlet one. An 118
automated air compressor, an electromagnetic regulator and the laminar flow induced 117
by the size of the channels, allow precise pressure delivery and uniform biofilm growth 118
in each channel and well. A heat pad allows temperature conirol. These experiments 119
were replicated 4 times per strain and per medium. 120

Fresh overnight cultures were serially diluted at 1:200 and standardized to a 0.1 121
#.05 ODwn. A mixed bacterial suspension of the co-isolated couples SACI/PACIL or 122
SAC2/PAC2 was prepared with equivalent ratio of each specie. 500 uL of medium with- 123
out bacteria was inserted in the inflow well with a pressure setting of 1 dynefem® for 10 122
min for microfluidic channels priming purposes. The remaining medium in the well was 125
discarded after 10min. The mixed bacterial suspension was injected from the outlet well 126
to the inlet well for 30 min at 1 dyne/cm?. The plate was placed on the heating pad, setat 127
37 °C. Finally, the mixed bacterial suspension was injected in the inlet well for V2 h with 128
a 0.2 dyne/cm® pressure and at 37 °C. Every 24h, newly prepared medium was added in 129
the inlet well, and the medium in the outlet well was discarded. 130

2.3 In vitro automated debridement and anfiseptic application 131

An m viiro automated debridement step was developed as previously described, for 132
imitation of the clinical debridement step in DFU treatment[28]. This debridement aims 133
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to remove parts of the pre-formed biofilm and to keep a 10 to 15 % remaining biofilm 134
similar to what was described in real life settings[29]. After 72h of biofilm formation, a5 135
to 20 dyne.cm? flow was applied for 10 min first from input to output well, then re- 136
versed from output to input well. The remaining biofilm was visually assessed each 10 137
min on the microscope. This step was repeated until the visual residual biofilm was es- 138
timated from a range of 10 to 20 %. Following the in vifre debridement, antiseptic solu- 139
tions were applied with a 0.2 dyne/cn’ from inlet to outlet well for 72h, with a visual 140
control every 24h. 141

2.4 Mixed biofilm visualization and analyzis before and after antiseptic contact 142

Bottoms of BioFluxTM 200 plates are manufactured in 180 pm coverslip glass, eas- 143
ing microscopic examination[27]. The BioFluxTM 200 system was coupled with a 144
CoolSNAP FX black and white camera (Roper Scientific &, Trenton NJ, United States) for 145
automated image acquisition and recording. It was also associated with a Leica DM IRE 146
{Leica Biosystems, Nanterre, France) inverted fluorescence microscope for biofilm visual- 147
ization. MetaVue ™ software (Molecular Devices, Sunmyscale, CA, USA) allowed image 148
processing. Every 24h of biofilm formafion, pictures of the microfluidic channels were 1439
recorded. Pictures were recorded again after debridement and every 24h after antiseptic 150
solutions insertion in the channels. 151

Images analysis was achieved using the Image] ® software. Image] @ “threshold” 152
function operated the 16-bit grayscale images adjustment to the bacterial structure. “Ana- 153
lyzes particles” function applied the biofilm percentage calculation as previously estab- 152
lished[30,31] Biofilm percentage was calculated as the surface of the well covered with 155

biofilm divided by the entire well surface multiplied by 100. 156
These experiments were replicated twice per strain couple and per medium. 157

2.5. Statistical analyzes 153
Analyzes were carried using a Wilcoxon rank sum test and R studio ® software in 159

its 4.0.2 version. 160
3. Results 161
3.1. Sednan hypochlorite and PHMB can significantly reduce the bacterial load of a static 72h 162
Inofilm m a close model 163

PHME and Sodium hypochlorite significantly reduced the bacterial living load of 2 162
72h single specie mature biofilm grew in closed static conditions. For SACI, the log 10 165
CFU per mL went down in BHI media from 6.39 to 0 for SH and to 0.699 for PHMB. In 166
CWME the decrease was from 7.39 to 0.301 for SH and to 1.175 for PHMB. Regarding 167
SAC2, this decrease was in BHI from 6.32 to 0 for SH and to 0.301 for PHMEB; and from 168
7.4 to 0.7 for 5H and to 1.176 for PHMBE in CWME. For PACI, the decrease was 493 t0 0 169
for SH and to 1.176 for PHMB in BHI and in CWM® from 5539 t0 03 for SHand te 1.18 170
for PHMB. Finally, PAC2 CFU per mL loglQ decrease with antiseptic agents’ application 171
was in BHL: from 4.88 to 0 for SH and to 0.699 for PHMBE; and in CWME: from 6.039 to 172
0.3 for SH and too 1.176 for FHME (Figurel). 17
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Figure 1: Impact of antiseptic agents on the living bacterial load of a 72h single spede biofilms in 175
static conditions for P. aeruginosa strains PAC 1 and PAC2 (A) and S.awreus strains SAC1 and SAC2 17

(B) in BHI broth and CWM® (Chronic wound media). ™, p<0.001. 177
3.2. Biofibn formation is enhanced in the CWM® 178

Mixed species biofilm formation was significantly enhanced in CWM® compared to 179
BHI media at 24h, 48h and 72h. This was recorded as a biofilm visually heavier and 150
denser as represented in Figure 2 and biofilm percentages significantly increased in 181
CWM® as reported in Figure 3. For SACIPACI, mean biofilm percentages were 26.52% 182
in BHI and 60.27% at 24H, 50.27% in BHI and 71.23% in CWM® at 48h; 74.08 and 86.36% 183
in CWM® at 72h. For SAC2/PAC2; these percentages were 27.95% in BHI and 48.63% at 184
24h; 60.77% in BHI and 76.31% in CWM® at 48h; 71.33% in BHI and 91.83% in CWM® at 185
72h. See supplementary data S1 for further details. 186

() (E) 13}
187

Figure 2: Images of SACI/PACI mixed species biofilm formation in BHI media at 24h (A), 48h(B) 188

and 72h (C) ; and CWM® at 24h (D), 48h (E) and 72h (F). Biofilm is represented as black areason 189
the glass white area. 190
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Figure 3: Mean percentages of mixed species biofilm formation (S.mrens and P. asruginosa) in the 192
Bioflux™200 system in BHI media compared to CWME at 24h, 48h and 72H for SACL/PACL (A) 193
and SAC/PAC2 (B). Statistics for percentage per media comparison were performed with a Wil- 194
coxon rank sum test and R Studio ® software in its £.0.2 version. "™ p=0.001 185

3.3. Sodnon hypochlorite is more effective than PHMB for biofilm reduction 195

A mean 10% biofilm remained after in mfro debridement. Sodium hypochlorite sig- 197
nificantly reduced mixed species biofilm after in vifro automatized debridement inde- 198
pendently of the media. SACIPACI biofilm was reduced from a mean 10% to 4.18% in 199
BHI (p=<0.001) and 3.83% in CWM® (p=0.01). SAC2ZPAC2 biofilm was reduced from 10% 200
to 2.89% in BHI (p<0.001) and to 3.49% in CWM® (p<0.001). PHME on the other hand 201
reduced the mixed species biofilms after it vifro debridement only in Bl media. 202
SACIPACI biofilm was reduced from 10% to 6.22% in BHI (p<0.001) and 8.25% in 203
CWM® (p=0.13). SACZPAC2 biofilm was reduced from 10% to 6.60% in BHI (p<0.01) 202
and 9.39% in CWME (p=0.22). Biofilm reduction with antiseptic agents after debride- 205
ment is reported in Figure 4. 206
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e 2”%
i |

]
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mFHME m5H 207

(A)

208
Figure & Percentages of biofilm reduction in the preformed mixed spedes biofilm for SACLPACL 209
(A) and SACZPAC2 (2) using PHMB solution (Blue) and sodium hypochlorite (pink). A mean 10% 210
of biofilm remained after m vitre automatized debridement before antiseptic application as repre- 211
sented by the black line. Results are presented as the mean percentage ™ p=0.001, ™p=0.01 212

4. Discussion 213

Biofilm formation is problematic in DFU treatment as it leads to wound impairment 214
and DFU healing delay[32]. DFU microbiota development in biofilm mode complicates 115
further DFU freatment by making infection diagnosis inaccurate[3]. To avoid multidrug 218
resistance spread, DFU altermative treatment options to antibiotics are required. The 17
evaluation of these alternative options for now is based on biofilm models due to the 218
lack of relevant clinical studies[14]. PHMB and Sodium hypochlorite were previously 219
described as relevant antibiofilm agents for single specie biofilm reduction in comple- 220
ment of wound debridement[18]. This study aims to investigate further their antibiefilm 221
properties on mature biofilm eradication and on mixed species biofilm reduction. One 222
principal limit of biofilm in vifre models is their lack of wound micreenvironment imita- 223
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tion. To bypass this issue, we performed our analysis in a wound-like media, the CWM®& 224
that mimics wound microenvironment. 225

Applying sodium hypochlorite and PHMB on equal volumes of bacterial suspen- 226
sions containing a 7Zh mature static biofilm of 5. anrens or P. asTugmosa strains resulted 227
in complete eradication of these biofilms. These 2 antiseptic solutions previously signifi- 223
cantly reduced the bacterial load of 72Zh mature static biofilm by 10 log with high dilu- 229
tions. These results indicate PHMB, and SH could be interesting candidates for wound 230
debridement. Ever so in biofilm, microorganisms have a slower growth rate and cannot 231
be always cultivated[33,34]. Therefore, pertinent antibiofilm properties evaluation can 232
not only rely on culture methods[16,22]. 233

Using a dynamic microfluidic system, we were able to induce a mixed species bio- 234
film formation under shear flow in a wound-like microenvironment. Biofilm formation 235
was significantly enhanced in the wound-like media, supporting this media as a perti- 236
nent model for biofilm studies[17,18,25]. With an automated debridement procedure, we 237
recuced the biofilm percentage to 10%, like clinical conditions. Applied to this residual 233
biofilm, SH reduced it to a mean 3% and PHME to a mean 5% In BHI media. When us- 239
ing CWM® which enhanced biofilm thickness in addition to the mixed species, while SH 240
reduced the biofilm to still a mean 3%, PHME was ineffective in biofilm reduction, 241
showing a media dependent efficiency. Many antimicrobials penetration is limited by 242
the biofilm extracellular matrix and the high protein concentration in the wound micro- 243
environment[35]. Limited penetration due to the extra polymeric substance is a common 242
survival strategy that disable many antimicrobial efficiency[36]. SH seems to evade this 245
strategy. Plus, SH antibiofilm effects were still effective 72h after first application. These 246
results may seem contradictory to some previous study which found sodium hypo- 247
chlorite ineffective in reducing mature biofilm[23,35]. However, a quick comparison 243
shows that commercial solutions investigated in these studies have 2.5 times lower con- 249
centrations than the one used in this work. These results implicate SH can also inhibit 250
biofilm formation as previously demonstrated on single species biofilm[18]. The proper- 251
ties of SH as mature biofilm reduction and biofilm formation inhibition extend to mixed 252
species biofilm. This work reinforces the potential of SH as a good antiseptic candidate 253
for wound antisepsis. 254

5. Conclusions 285

The association of CWM® and the microfluidic Bioflux Th 200 system is a relevant 256
tool for biofilm studies and antimicrobial agents” evaluation. It allowed the identificaion 257
of Sodium hypochlorite as a relevant agent for DFU treatment in complement of wound 253
debridement for reducing biofilm formation. Clinical studies assessing antibiofilm 259
agents should comprise Sodium hypochlorite evaluation. 260
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www mdpi.com/oc/s1 Table S1: Biofilm formation percentages in the Bioflux™ 200 system 262
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IV. Discussion

Les plaies chroniques sont un probleme de santé majeur qui affectent environ 2%
de la population mondiale[212,213]. Les ulceres de pied chez les patients diabétiques en
particulier, sont en constante augmentation avec le vieillissement de la population et
I'accroissement de l'obésité. De 151 millions de personnes en 2000, la proportion de
patients diabétiques au niveau mondial est passé a 536 millions en 2021 avec une
projection de 783 millions pour 2045 [62,214]. Il y a donc actuellement en 2022, 10% de
la population mondiale qui est estimée souffrir de diabete sucré[202]. 10 a 15% environ
de cette population de patients diabétiques aura des problemes d’ulceres de pied [215].
Une majorité de ces ulceres se compliquera d’infections. La causalité de ces infections
persistantes est associée au biofilm, retrouvé dans 60 a 90%[5] des infections chroniques
et qui augmente le risque d’amputation[5,88,206]. Ce biofilm complique la prise en
charge des ulceres de pied chez les patients diabétiques. Il induit une tolérance accrue
des microorganismes, favorisant ainsi 1 ‘antibiorésistance. Il apparait donc plus que
nécessaire de valider des thérapeutiques alternatives comme les antiseptiques dans la
prise en charge des ulceres de pied chez les patients diabétiques[157]. Afin d’évaluer
'effet antibiofilm des antiseptiques dans cette indication, nous avons axé ce travail

autour de 3 principales questions :

e L[’élaboration d'une stratégie d’évaluation des antiseptiques in vitro qui
permet de prendre en compte le biofilm et le microenvironnement des
ulceres de pied chez les patients diabétiques.

e [’utilisation de la stratégie élaborée pour évaluer les différents
antiseptiques sur du biofilm monoespece et du biofilm bi-espece aves des
isolats cliniques des deux especes les plus fréquemment isolées d"ulceres

de pied chez les patients diabétiques.
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e L’établissement d'une comparaison pertinente des différents antiseptiques
utilisables dans la prise en charge des ulceres de pied chez les patients

diabétiques.

4.1 Stratégie d’évaluation in vitro des antiseptiques dans la
prise en charge des ulcéres de pied de patient diabétiques

Une évaluation pertinente d’antimicrobiens dans la prise en charge de plaies
chroniques devrait prendre en compte le biofilm et de préférence un biofilm mature et
polymicrobien[194,207]. La premiere étape de formation du biofilm est ’adhésion des
microorganismes sous forme planctonique entre elles ou a une surface[208]. La
formation du biofilm est un processus dynamique, avec des étapes qui peuvent se
chevaucher et coexister, depuis cette étape d’adhésion a la dispersion en passant par la
maturation. La plupart des modeles d’étude des plaies chroniques et du biofilm
présentent de nombreuses limites comme vu plus haut. Nous avons établi une stratégie
d’évaluation basée sur la combinaison de multiples modeles pour évaluer les

antiseptiques aux différentes étapes clés du processus de formation de biofilm.

La premiere étape a évaluer était 1'état planctonique des bactéries en amont de la
formation du biofilm. Un rapide tour de la littérature nous a montré que les méthodes
habituelles d’évaluation des antiseptiques sont tres disparates. Nous utilisons donc a cet
effet les recommandations de I'EUCAST pour évaluer la CMI des antiseptiques sur le

méme modele de microdilution utilisé pour I'évaluation des antibiotiques.

Ensuite notre évaluation portera sur 1'étape d’adhésion. Nous avons identifié le
Biofilm Ring Test® comme modele d’étude pertinent de cette étape. Ce modele est bien
connu et utilisé dans notre unité de recherche en routine. Mais également au laboratoire

de microbiologie du Centre Hospitalier Universitaire (CHU) de Nimes.
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L’unité de recherche INSERM U1047, axée sur I’étude de la virulence bactérienne
et des infections chroniques comporte une sous unité spécialisée dans les plaies
chroniques. Composée de cliniciens-chercheurs (infectiologues, hygiénistes et
microbiologistes cliniciens) et de microbiologistes chercheurs, cette sous-unité tente
depuis des années a travers l'étude de données fondamentales a répondre aux
problématiques rencontrées en pratique clinique au quotidien sur la prise en charge et
la prévention des infections d’ulceres de pied chez les patients diabétiques et la
recherche d’alternatives thérapeutiques. Cette sous-unité s’est spécialisée dans I'étude
des coopérations et de la virulence bactérienne des différents microorganismes isolés
dans les plaies chroniques. Des travaux précédents ont porté sur I'étude de ’adaptation
de S. aureus dans des conditions de stress similaires a ceux rencontrés dans les ulceres
de pied chez les patients diabétiques : I'hyperglycémie, 1'ischémie (anaérobiose), la
présence de concentrations sub-inhibitrices d’antibiotiques [216]. Ces études
préliminaires ont abouti au développement du milieu plaie (CWM®) qui fait 1'objet
d"un brevet européen[200]. Ce milieu est un modele d’étude qui permet de mimer le
micro-environnement des plaies. Il est composé de bouillon de Bolton, constitué de
peptone a 79,5% et de débris de kératinocytes qui mime les tissus endommagés, de
sérum humain décomplémenté a 20%, qui mime le sérum humain avec les protéines
matricielles et effectrices de I'immunité, de sang humain hémolysé a 0,5% qui mime les
globules rouges, de sels minéraux. Il a un pH tamponné a 8 pour mimer l’alcalinité du
microenvironnement des plaies chroniques[200]. Ce milieu permet la culture des
microorganismes les plus souvent isolés des plaies chroniques mais aussi des cultures

polymicrobiennes[88].

Nous avons couplé ce milieu a un modele quantitatif pour I'évaluation de I'étape
de formation du biofilm. Ce modele de quantification de la charge bactérienne vivante a

I'intérieur du biofilm permet le dénombrement des cellules bactériennes vivantes apres
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destruction de la capside matricielle extracellulaire du biofilm. L’évaluation de la
charge bactérienne d’un biofilm mature de 72h avant puis apres contact avec un
antiseptique pendant une durée déterminée permet de déterminer l'impact des

antiseptiques sur cette charge bactérienne d’un biofilm mature de 72h.

L'unité de recherche a également fait I’acquisition du dispositif Bioflux ® 200 au
cours de ces travaux de recherche. Cela a permis la mise au point d’un modele d’étude
dynamique ouvert, qui permet un apport continu de nutriments, un systeme
controlable de flux proche de celui des flux sanguins, et un systeme réglable de
température[201]. L'association CWM ® et Bioflux ® a permis d’élaborer un milieu
innovant et qui compense les limites de la majorité des modeles expérimentaux d’étude
du biofilm[201]. Pour mimer au mieux les conditions cliniques de prise en charge des
ulceres de pied chez les patients diabétiques, nous avons établi un protocole de
débridement automatisé. Ce protocole de débridement consiste en une réversion du
flux a débit élevé au travers des canaux microfluidiques du systeme pour éliminer le
biofilm mature formé les 72h précédentes. 10 a 15% de biofilm résiduel est maintenu
comme retrouvé en pratique clinique[35,160,194]. En pratique, les antiseptiques sont
utilisés pour compléter le débridement a I'étape de nettoyage ou de ringage des
plaies[172]. Nous avons donc utilisé l'association du Bioflux® et du milieu plaie
(CWM®) pour I'évaluation de la capacité des antiseptiques a réduire le biofilm résiduel

post débridement et pour les comparer entre eux.

Toujours dans la perspective de mimer au mieux les conditions réelles des
ulceres de pied chez les patients diabétiques, nous avons utilisé des souches cliniques
isolées de débridement d’ulceres de pied de patients diabétiques a la « clinique du pied

diabétique » du CHU de Nimes.
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4.2 Evaluation in vitro des antiseptiques

La premiere étape d’évaluation des antiseptiques portait sur leur capacité
d’inhibition des souches planctoniques de P. aeruginosa et S. aureus. Malgré 1’absence de
reférentiel, les majorités des études publiées sur les CMI des antiseptiques évalués se
sont basées sur des techniques de microdilution comme celles recommandées par
I’'EUCAST qu’elles ont ensuite adapté. Une comparaison des valeurs de CMI retrouvées

au cours de ces différentes études est exposée dans le tableau 2.

Pour faciliter les comparaisons, les résultats seront exprimés en fraction de dilution par

rapport a la solution commerciale d’antiseptique utilisée pour les expérimentations.

Concernant P. aeruginosa, des dilutions de 1:20 a 1:5 ont été retrouvées pour la
CMI de I'hypochlorite de sodium sur diverses souches. Le travail actuel a trouvé une
dilution de 1:3 au-dessus de cet intervalle. Pour la PVPI, la valeur de 1:8 trouvée lors de
nos expérimentations est comprise dans lintervalle de 1:100 a 1:2 trouvé dans la
littérature. La dilution de 1 :64 trouvée pour le PHMB est également dans l'intervalle de
1:512 a 1:32 de la littérature. Il en est de méme pour 1'Octénidine avec une valeur de

1 :64 comparé avec un intervalle de 1:500 a 1:32 dans la littérature.

Pour S. aureus, les valeurs trouvées pour I'hypochlorite de sodium sont de 1:6 a
1:3 selon la souche utilisée. Elles sont également au-dessus de l'intervalle de dilution
trouvé dans la littérature de de 1:20 a 1:4. Il en est de méme pour la PVPL, avec une
valeur de 1:10, au-dessus de l'intervalle de la littérature de 1:200 a 1:16. Pour le PHMB,
nous avons trouvé une valeur de 1:200, qui est incluse dans I'intervalle de la littérature
de 1:2000 a 1:100. Enfin, la valeur de 1:200 que nous avons trouvée pour la CMI de
I'octénidine sur les souches de S. aureus font partie de l'intervalle de la littérature de

1:2500 a 1:250 de dilution de la solution commerciale utilisée dans ces travaux.
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Tableau 2 : Résumé des différentes publications sur la concentration minimale inhibitrice de

I’hypochlorite de

sodium, de

polyvidonepyrrolidone

iodine

(PVPD), du

polyhexaméthylénebiguanide (PHMB) et de 'octénidine sur des souches de Pseudomonas

aeruginosa
Antiseptiques CMI Dilution Souches Pseudomonas Meéthode References
1% 1:5 ATCC 27853 Personnelle [217]
:‘g 0.025% 1:20 NCIMB 12469 Personnelle [218]
T? 800 mg.L! 1:6 ATCC27853 Microdilution [219]
é 512 mg.L1 1:10 60 souches cliniques Microdilution [220]
E\ 400 mg.L! 1:12 Souche clinique Microdilution [219]
g 312.5 mg.L1 1:16 ATCC 27853 Microdilution [221]
;5 312.5 mg.L1 1:16 10 souches cliniques Microdilution [221]
3 1,666 mg.L! 1:3 PAOQO1 and 3 souches Microdilution Travaux actuels
cliniques
1,024 mg.L"! 1:100 ATCC 15442 Microdilution [222]
5% 1:2 UCBPP-PA14 Personnelle [223]
& 0.04% 1:250 ATCC 15442 Microdilution [224]
E 7,500 mg.L* 1:16 ATCC 27853 Microdilution [225]
12,500 mg.L* 1:8 PAOI1 and 3 souches Microdilution Travaux actuels
cliniques
2mg.L?! 1:512 ATCC 15442 Microdilution [222]
4 mg. L1 1:256 ATCC 27853 Microdilution [45,226]
8 mg.L! 1:258 3 souches cliniques Microdilution [45,226]
m 16-32 mg.L?! 1:64 - 1:32 25 souches cliniques Microdilution [227]
% 7.8 mg.L1 1:128 ATCC 27853 Microdilution [45,226]
= 15.6 mg.L! 1:64 Souches cliniques Microdilution [219]
10 mg.L"! 1:100 ATCC 27853 Microdilution [225]
15.6 mg.L! 1:64 PAOIL1 and 3 souches Microdilution Travaux actuels
cliniques
2mg.L1 1:256 ATCC 15442 Microdilution [222]
o 4-16 mg.L1 1:128-1:32 2 souches cliniques Microdilution [228]
;g 3.9 mg.L"! 1:128 ATCC 27853 Microdilution [219]
:QE) 3.9 mg.L1 1:32 Souche clinique Microdilution [219]
8 1 mg.L! 1:500 ATCC 27853 Microdilution [225]
7.8 mg.L1 1:64 PAOIL and 3 souches Microdilution Travaux actuels
cliniques

Les comparaisons directes des différentes valeurs trouvées sont néanmoins

délicates au vu des différences de souche, de milieu et de méthodologie qui peuvent

influencer les résultats [229,230]. Les différentes valeurs de CMI retrouvées dans la

littérature sont résumées dans le tableau 3.
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Tableau 3 : Résumé des différentes publications sur la concentration minimale inhibitrice
de I'hypochlorite de sodium, de la polyvidone pyrrolidone iodine (PVPI), du
polyhexaméthylénebiguanide (PHMB) et de I’octenidine sur des souches de S. aureus

Antiseptic MIC Dilution S. aureus strain Method Study
1% 1:5 ATCC 6538 Personnelle Estrela et al[217]
8 0.025% 1:20 NCT6571 Personnelle Locker et al[218]
'g 938 10-3g.L1 1:5 ATCC25923 Personnelle Penna et al [231]
€ 512 10-3g.L1 1:10 60 souches cliniques Microdilution Kawamura et al
?& [220]
T 2000 103g.L1 1:2.5 1532 souches cliniques Microdilution Morrissey et al [232]
g 1250 10-3g.L1 1:4 ATCC 27853 Microdilution Gupta et al[221]
;g 512-1024 10°g.L-*  1:10-1:5 ATCC 6538 German Microdilution Koburger et al[222]
@ 830-1666 10°%g.L1  1:6-1:3 Newman and 3 Microdilution Travaux actuels
souches cliniques
0.08% 1:125 ATCC 25923 Microdilution Sa et al [224]
781.510%g.L1 1:128 ATCC 25923 Microdilution Gupta et al[221]
6250 10-3g.L1 1:16 ATCC 25923 Personnelle Penna et al [231]
— 2000 10-3g.L1 1:50 ATCC 29213 Microdilution Hirsch et al [225]
E 1028-4094 103g.L- 1:100-1:25  ATCC 6538 and 30 Microdilution Dittman et al [233]
1 souches cliniques
512 10-3g.L1 1:200 ATCC 6538 German Microdilution Koburger et al[222]
10000 10-3g.Lt 1:10 Newman and 3 Microdilution Travaux actuels
souches cliniques
10 10-3g.L1 1:100 ATCC 29213 Microdilution Hirsch et al [225]
0.5-1103g.L1 1:2000_- ATCC 25923 and 3 Microdilution Lopez-Rojas et
1:1000 souches cliniques al[234]
1-8103g.L1 1:1000 to 40 souches cliniques Microdilution Zhou et al [227]
1:125
1-2103%g.L*  1:1000 - 1:500 ATCC 6538 and 30 Microdilution Dittman et al [233]
E souches cliniques
E 1-2103%g.L*  1:1000: 1:500 100 souches cliniques Microdilution Fabry et al [235]
0.5-8103g.L"! 1:1000 54 souches cliniques Microdilution Renzeni et al [236]
1-2103g.L-t  1:1000: 1:500 ATCC 29213 and 15 Microdilution Assadian et al
souches cliniques
1103g.L1 1:1000 ATCC 15442 German Microdilution Koburger et al[222]
5103%g.L1 1:200 Newman and 3 Microdilution Travaux actuels
souches cliniques
1103g.L! 1:500 ATCC 29213 Microdilution Hirsch et al [225]
° 0.5-1103%g.L-* 1:1000 -1:500 335 souches cliniques Microdilution Zheng et al [237]
;g 0.5-2103%g.L-* 1:1000 -1:250 878 souches cliniques Microdilution Htun et al [238]
:g 0.25-2103g.L-* 1:2000 -1:500 ATCC 25923, ATCC Microdilution Nicolae Dopcea et al
8 43300 and 2 souches [239]
cliniques
0.2-0.4 10°g.L-1 1:2500 -1:1250 ATCC 25923, ATCC Microdilution Grecka et al [240]
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25 213 and 3 souches
cliniques
2 103g.L1 1:250 ATCC 15442 German Microdilution Koburger et al[222]
1-2103%. L' 1:500-1:250 ATCC 6538 and 30 Microdilution Dittman et al [233]
souches cliniques
2.5103%g.L1 1:200 Newman et 3 souches Microdilution Travaux actuels
cliniques

L’étape suivante de notre évaluation consistait en 1'évaluation de l'effet des
antiseptiques sur 1'étape d’adhésion des bactéries lors de la formation du biofilm avec le
modele de I’ Antibiofilmogram®. Les souches utilisées ont été évaluées en amont avec le
Biofilm Ring Test® qui avait confirmé leur capacité a adhérer a la plaque. Les 4
antiseptiques évalués ont inhibé précocement 1’adhésion de toutes les souches a la
plaque. Aussi bien les souches de laboratoire que les souches cliniques et ce, pour les 2
especes étudiées S. aureus et P. aeruginosa. Cela suppose par extrapolation que les
antiseptiques évalués ont tous la capacité d’empécher la formation de biofilm. A notre
connaissance, ces résultats sont la premiere évaluation des antiseptiques avec ce
modele. Classiquement, en utilisant des modeles in vitro, les antiseptiques sont évalués
quant a leur capacité d’éradication du biofilm, indépendamment de I'étape du biofilm
et de leur impact sur la stratégie de traitement du patient. Notre approche permet de

rajouter une autre dimension a I'évaluation de ces composés

L'étape d’apres consistait en I'évaluation de l'effet des antiseptiques sur du
biofilm mature dans des conditions statiques avec le modele de dénombrement de la
charge bactérienne vivante apres rupture de la capside matricielle extracellulaire. Nous
avons évalué la capacité des antiseptiques a réduire la charge bactérienne vivante d'un
biofilm mature. Avec ce modele, tous les antiseptiques ont réduit efficacement d'un
log10 la charge bactérienne des biofilms matures monomicrobiens de S. aureus et P.

aeruginosa a leurs concentrations commerciales et ce indépendamment du milieu utilisé.
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Au sein du biofilm, certains microorganismes sont dits « persistants ». Ces
microorganismes ont un meétabolisme réduit, qui se traduit par des cellules viables mais
non cultivables. Bien que non cultivables, ces cellules sont infectantes et sont estimées
tres résistantes aux antimicrobiens[241]. Du fait de ces propriétés, ces cellules ne sont
pas identifiables par des modeles de quantification de la charge bactérienne du biofilm.
Il est par conséquent également impossible d’évaluer 1'efficacité des antiseptiques sur
ces cellules a l'intérieur du biofilm. Aussi, la derniere étape de nos expérimentations a
porté sur une évaluation des antiseptiques au plus proche possible de la réalité des
pratiques cliniques d’utilisation. Cette évaluation a été effectuée avec un modele
dynamique de biofilm/plaie chronique, le Bioflux®. Elle a consisté en 1’application des
antiseptiques sur un biofilm de 72H apres une étape de débridement automatisé,
comme dans la pratique clinique. A ce niveau, nous avons observé un effet souche
dépendant et milieu dépendant de I’octénidine. Le PHMB a également présenté un effet
souche dépendant mais uniquement sur les souches de S. aureus. L"hypochlorite de
sodium a été efficace sur tous les biofilms indépendamment du milieu utilisé. L ‘effet
de réduction significative de biofilm a persisté jusqu’a 72h apres contact de
I’antiseptique. Cela suppose une inhibition de la formation du biofilm comme suggéré

avec le modele de I’ Antibiofilmogram®.

Apres 72h de biofilm suivi d’'un débridement et de 72H de contact avec les
antiseptiques dans le milieu CWM ®, les souches évaluées de S. aureus ont présenté la
méme sensibilité a 1’octénidine, au PHMB et a I'hypochlorite de sodium. Les CMI
équivalentes au CMI en amont de la formation de biofilm sous-entendent que la
tolérance aux antiseptiques ne s’est pas mise en place. A ce jour, aucun mécanisme de

résistance n’a été décrit pour ces antiseptiques[171,239,242-244].
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4.3 Comparaison des antiseptiques & Impact du milieu

CWM® sur le biofilm et I’activité des antiseptiques

L’impact du milieu plaie sur le biofilm a été observé des les étapes de formation
précoce du biofilm évaluées avec le BRT®. Des travaux précédents ont confirmé une
adhésion accélérée des microorganismes a la surface de la plaque de culture avec le
CWM®. Cette adhésion accélérée suppose par extension une formation de biofilm
accélérée[200]. Lors de nos expérimentations, nous avons également observé une
adhésion accélérée avec le CWM®. Cela s’est matérialisé au cours de 1'évaluation des
antiseptiques par la nécessité d’utilisation de concentrations 2 a 6 fois plus élevées
d’antiseptiques pour inhiber la formation du biofilm de S. aureus avec le modele de
I’Antibiofilmogram® dans du milieu CWM®, en comparaison au milieu contrdle.
Toutefois, les concentrations requises pour inhiber la formation de biofilm en milieu
CWM® étaient bien en dessous des concentrations commerciales. Aux concentrations
commerciales utilisées en pratique, tous les antiseptiques ont la capacité d’inhiber la

formation de biofilm, indépendamment du milieu utilisé.

Avec le modele de dénombrement de la charge bactérienne vivante, la charge
bactérienne dénombrée avec le milieu CWM® était significativement plus importante
que la charge bactérienne avec le milieu controle. Cette supériorité a été observée aussi
bien pour le biofilm monomicrobien de S. aureus que pour celui de P. aeruginosa. Le
milieu CWM® a encore une fois impacté l'activité des antiseptiques. L’hypochlorite de
sodium était le seul antiseptique a réduire significativement le biofilm d’un log10 a la
valeur de sa CMI indépendamment du milieu utilisé. La PVPL le PHMB et I'octénidine
ont nécessité une augmentation de 10 fois les concentrations utilisées pour réduire la
charge bactérienne dans le milieu controle comparément au CWM®. Cet effet peut

s'expliquer par la formation d'un biofilm plus dense avec le milieu CWM® qui
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limiterait 'acces des antiseptiques aux microorganismes a l'intérieur du biofilm. De
plus l'effet des antiseptiques est réputé étre limité en présence de matieres organiques
comme le sang, les débris cellulaires, et les protéines plasmatiques qui sont présentes
dans le milieu CWM®[245-247]. L’hypochlorite de sodium ne semble pas étre affecté
par la matiere organique comme précédemment suggéré[170]. Néanmoins, encore une
fois les concentrations requises pour la diminution de la charge bactérienne d'un log de
10 étaient bien en decga des concentrations commerciales utilis€ées. Aux concentrations
maximales utilisables dans ce modele qui correspondent a la moitié de la concentration
de la solution commerciale, tous les antiseptiques ont été capables d’éradiquer
significativement la charge bactérienne vivante d’un biofilm mature statique de 72H de
toutes les souches dans le milieu contréle. Dans le CWM®, la capacité d’éradication du
biofilm était moins significative pour 1'octénidine. Les propriétés antibiofilm des autres

antiseptiques étaient moins impactées par le milieu CWM®.

Une formation significativement accélérée du biofilm a également été notée lors
de l'utilisation du modele dynamique du Bioflux®. Avec ce modele également, le
biofilm formé était plus dense et visuellement plus opaque. Ces remarques se sont
appliquées aussi bien pour les biofilms monoespece de S. aureus et P. aeruginosa que
pour le biofilm bi-especes des deux especes. Les antiseptiques ont cette fois ci été
évalués dans des conditions proches de la clinique. A savoir utilisation
des concentrations commerciales apres une étape de débridement. En ce qui concerne
les antiseptiques, I'impact du milieu CWM® sur leur efficacité s’est limité cette fois ci a
'octénidine avec la souche PAO1 puisque son efficacité s’est limitée au milieu controle
et non au CWM®. L'’efficacité de 1'octénidine était limitée a la souche de laboratoire de
S. aureus Newman dans les 2 milieux. Pour les souches de P. aeruginosa, 1'octénidine a
significativement réduit le biofilm post débridement des souches cliniques PAC4 et

PAC1 indépendamment du milieu. Son effet sur la souche de laboratoire PAO1 s’est
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limité au milieu de controle. Le PHMB malgré un effet significatif sur toutes les souches
de P. aeruginosa, n’était efficace que sur 2 souches cliniques de S. aureus. La supériorité
de lefficacité de 1'hypochlorite de sodium s’est confirmée lors de son évaluation
conjointe avec le PHMB sur du biofilm bi-especes de S. aureus et P. aeruginosa.
L’hypochlorite de sodium était le seul antiseptique efficace sur tous les biofilms, mono
comme bi-especes, indépendamment du milieu. Le PHMB a présenté un effet milieu
dépendant et biofilm dépendant. Il a été efficace uniquement sur le S2P2 et le S1P1 dans

milieu controle et non dans le milieu CWM®.

Ces résultats sont en contradiction avec des études précédentes qui ont noté un
manque d’efficacité de l'hypochlorite de sodium sur du biofilm mono ou
polymicrobien[248-251]. Toutefois, en analysant de plus pres ces études, on note que les
solutions évaluées contiennent des concentrations tres faibles d’hypochlorite de sodium
et de chlore actif, en moyenne 80 parties par million (ppm). La solution utilisée lors de

nos travaux contenait 5000 ppm de chlore actif.
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V. Conclusion & Perspectives

En combinant plusieurs modeles innovants, ces travaux ont permis d’évaluer les
antiseptiques a différents niveaux du processus de formation du biofilm dans un
microenvironnement similaire a celui des plaies. Cette évaluation par extrapolation,
donne une idée de l'efficacité des antiseptiques dans la prise en charge des plaies
chroniques. Nous avons établi les premieres évaluations de 1'efficacité des antiseptiques
sur 'inhibition de la formation du biofilm de S. aureus et P. aeruginosa en nous basant
sur le modele de I’ Antibiofilmogram ®. En utilisant des modeles innovants, nous avons
pu démontrer la supériorité de 1’hypochlorite de sodium sur le PHMB et I’octénidine
dans la réduction significative du biofilm post débridement automatisé dans un
microenvironnement similaire a celui d’un ulcere de pied chez les patients diabétiques.
Cela suggere que I'hypochlorite de sodium serait une meilleure option thérapeutique

pour la prise en charge des ulceres de pied chez les patients diabétiques.

Nos travaux se rajoutent a la liste de ceux qui mettent en avant I'importance du
microenvironnement des plaies chroniques et la nécessité d’utiliser des milieux d’étude
mimant le microenvironnement des plaies chroniques[32,131,199,200,207,226]. IlIs ont
également confirmé précédents résultats et validé le modele d’étude du CWM® dans

I’étude des plaies chroniques comme les ulceres de pied chez les patients diabétiques.

La PVPI a été identifiée dans notre revue de la littérature comme un antiseptique
avec un fort potentiel. Elle n’a pas pu étre évaluée dans nos travaux a cause de sa
coloration foncée qui a empéché les visualisations au microscope. Une alternative serait
l'utilisation de souches fluorescentes pour pallier ce probleme. Une autre alternative
pourrait étre 'utilisation de kits d’identification de viabilité cellulaire par fluorescence
comme le kit « The Filmtracer™ LIVE/DEAD™ Biofilm Viability Kit» (propidium
iodide et Syto9™, Thermo Fisher Scientific, Waltham, MA, USA). Ce kit contient 2
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solutions fluorescentes qui associent leurs propriétés de fluorescence et de fixation a la
membrane cellulaire des microorganismes pour identifier la viabilité cellulaire a
Iintérieur du biofilm. Les cellules vivantes sont colorées en vert et celles mortes en
rouge. Une estimation de la viabilité cellulaire avant et apres leur application pourrait

donner une idée de I'efficacité de I'effet antibiofilm des antiseptiques.

Actuellement, I’association Bioflux/microscope permet une identification visuelle
du biofilm. Toutefois, ’évaluation de la viabilité est limitée a la mobilité des cellules lors
de l'identification visuelle microscopique. Cette évaluation est donc sujet dépendant.
De plus, la visualisation des cellules persistantes au sein du biofilm avec un mode de
développement latent est impossible. Une fluorescence corrélée a la viabilité cellulaire
comme celle proposée par le kit « The Filmtracer™ LIVE/DEAD™ Biofilm Viability

Kit » pourrait remédier a cette limite.

Plusieurs améliorations pourraient étre apportées au modele afin de simuler au
mieux une plaie chronique et son microenvironnement. Une premiere €bauche a été
suggérée dans des travaux précédents par l'ajout de glucose dans le milieu plaie pour

mimer '’hyperglycémie constante retrouvée chez les patients diabétiques[88].

Un autre versant abordé dans 1'unité de recherche est la distribution spatiale des
microorganismes dans le biofilm[252]. Grace a la microscopie fluorescente et les souches
fluorescentes utilisées dans cette optique, 'impact des antiseptiques sur la distribution
spatiale au sein d’un biofilm polymicrobien pourrait permettre l'identification des
meécanismes d’action des antiseptiques sur le biofilm. Les mécanismes d’action décrits

actuellement sont basés sur I'effet des antiseptiques sur les souches planctoniques.

Méme si le modele bi-especes, utilisé dans ces travaux est déja une grande
avancée, en pratique, le biofilm des plaies chroniques est décrit comme polymicrobien

avec de multiples especes qui cooperent entre elles. Une représentation plus proche de
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la réalité serait donc d’incorporer en plus de S. aureus et de P. aeruginosa, plusieurs
especes bactériennes et fongiques, notamment les plus retrouvées dans les plaies

chroniques comme les corynébactéries et les entérocoques et les especes du genre

Candida.

Aussi, ces travaux ont effleuré le versant de la tolérance aux antiseptiques en
évaluant la CMI des antiseptiques sur les bactéries sessiles libérées du biofilm
monomicrobien de S. aureus. L’exposition pendant 72h du biofilm aux différents
antiseptiques n’a pas induit de tolérance a I'hypochlorite de sodium, au PHMB et a
I'octénidine. En pratique, une tolérance est induite avec des durées d’exposition plus
longues. Il serait dans cette idée pertinent d’évaluer la tolérance avec des durées
d’exposition plus longues aux antiseptiques. Un séquengage des souches utilisées
permettrait aussi de compléter I'information génétique de ces souches sur les genes de
virulence et de résistance aux antiseptiques . Cela permettrait aussi d’étudier 1’existence

éventuelle des résistances croisées avec les antibiotiques.

Une des innovations du modele dynamique utilisé durant ces travaux était
I'ajout des débris cellulaires fibroblastiques dans le milieu CWM® qui permettent de
mimer au mieux la plaie. Une amélioration pourrait consister en l'incorporation de
cellules vivantes du tissu cutané en plus des débris. Cette incorporation pourrait
s’établir par le tapissage des canaux microfluidiques de l'automate des cellules
fibroblastiques et/ou de kératinocytes. Un modele similaire est en effet décrit pour

I’étude des maladies cardiovasculaires [253,254].

Enfin, les résultats de ces travaux gagneraient a étre validés sur des modeles
animaux. La validation la plus pertinente resterait néanmoins des études cliniques
multicentriques de grande ampleur, pour confirmer l'efficacité des antiseptiques et les

comparer entre eux.

127



Antiseptiques et biofilm des plaies chroniques

VI. Références

[1] Kwiecien K, Zegar A, Jung ], Brzoza P, Kwitniewski M, Godlewska U, et al.
Architecture of antimicrobial skin defense. Cytokine & Growth Factor Reviews
2019;49:70-84. https://doi.org/10.1016/j.cytogfr.2019.08.001.

[2] Larousse E. Définitions : plaie - Dictionnaire de frangais Larousse n.d.
[3] Larousse E. Définitions : blessure - Dictionnaire de francais Larousse n.d.

[4] Vyas KS, Wong LK. Detection of Biofilm in Wounds as an Early Indicator for Risk
for Tissue Infection and Wound Chronicity. Ann Plast Surg 2016;76:127-31.
https://doi.org/10.1097/SAP.0000000000000440.

[5] Atkin L, Bu¢ko Z, Conde Montero E, Cutting K, Moffatt C, Probst A, et al.
Implementing TIMERS: the race against hard-to-heal wounds. ] Wound Care
2019;23:51-50. https://doi.org/10.12968/jowc.2019.28.Sup3a.S1.

[6] Jarbrink K, Ni G, Sonnergren H, Schmidtchen A, Pang C, Bajpai R, et al. Prevalence
and incidence of chronic wounds and related complications: a protocol for a
systematic review. Syst Rev 2016;5:152. https://doi.org/10.1186/s13643-016-0329-y.

[7] Kirsner R. The Wound Healing Society chronic wound ulcer healing guidelines
update of the 2006 guidelines--blending old with new. Wound Repair Regen
2016;24:110-1. https://doi.org/10.1111/wrr.12393.

[8] Gupta S, Gabriel A, Lantis J, Téot L. Clinical recommendations and practical guide
for negative pressure wound therapy with instillation. Int Wound ] 2016;13:159-74.
https://doi.org/10.1111/iwj.12452.

[9] Azevedo M-M, Lisboa C, Cobrado L, Pina-Vaz C, Rodrigues A. Hard-to-heal
wounds, biofilm and wound healing: an intricate interrelationship. Br ] Nurs
2020;29:56-13. https://doi.org/10.12968/bjon.2020.29.5.56.

[10] Durand BARN, Pouget C, Magnan C, Molle V, Lavigne J-P, Dunyach-Remy C.
Bacterial Interactions in the Context of Chronic Wound Biofilm: A Review.
Microorganisms 2022;10:1500. https://doi.org/10.3390/microorganisms10081500.

[11] Ousey K, Chadwick P, Cook L. Diabetic foot or pressure ulcer on the foot?
Wounds UK 2011;7:105-8.

[12] Edwards ], Mitchell A, Bayat A, Dunn K. A comparative study of nurses wound
knowledge in two areas. JCN 2005:4-12.

[13] Heyer K, Protz K, Augustin M. Compression therapy - cross-sectional
observational survey about knowledge and practical treatment of specialised and

128



Antiseptiques et biofilm des plaies chroniques

non-specialised nurses and therapists. Int Wound ] 2017;14:1148-53.
https://doi.org/10.1111/iwj.12773.

[14] Harding K. Challenging passivity in venous leg ulcer care — the ABC model of
management. International Wound Journal 2016;13:1378-84.
https://doi.org/10.1111/iwj.12608.

[15] Franks PJ, Barker ], Collier M, Gethin G, Haesler E, Jawien A, et al. Management
of Patients With Venous Leg Ulcers: Challenges and Current Best Practice. ] Wound
Care 2016;25 Suppl 6:51-67. https://doi.org/10.12968/jowc.2016.25.5up6.51.

[16] Scott IA, Glasziou PP. Improving the effectiveness of clinical medicine: the need
for better science. Med ] Aust 2012;196:304-8. https://doi.org/10.5694/mja11.10364.

[17] Vowden P. Hard-to-heal wounds made easy 2011;2:1-6.

[18] Hjelm K, Nyberg P, Apelqvist J. Gender influences beliefs about health and
illness in diabetic subjects with severe foot lesions. ] Adv Nurs 2002;40:673-84.
https://doi.org/10.1046/j.1365-2648.2002.02427 .x.

[19] Armstrong DG, Lavery LA, Kimbriel HR, Nixon BP, Boulton AJM. Activity
patterns of patients with diabetic foot ulceration: patients with active ulceration may

not adhere to a standard pressure off-loading regimen. Diabetes Care 2003;26:2595—
7. https://doi.org/10.2337/diacare.26.9.2595.

[20] Rabe E, Pannier F. Clinical, aetiological, anatomical and pathological
classification (CEAP): gold standard and limits. Phlebology 2012;27 Suppl 1:114-8.
https://doi.org/10.1258/phleb.2012.012s19.

[21] Schreml S, Szeimies R-M, Karrer S, Heinlin J, Landthaler M, Babilas P. The
impact of the pH value on skin integrity and cutaneous wound healing. ] Eur Acad
Dermatol Venereol 2010;24:373-8. https://doi.org/10.1111/j.1468-3083.2009.03413.x.

[22] Schneider LA, Korber A, Grabbe S, Dissemond J]. Influence of pH on wound-
healing: a new perspective for wound-therapy? Arch Dermatol Res 2007;298:413-20.
https://doi.org/10.1007/s00403-006-0713-x.

[23] Burgess JL, Wyant WA, Abdo Abujamra B, Kirsner RS, Jozic I. Diabetic Wound-
Healing Science. Medicina (Kaunas) 2021;57:1072.
https://doi.org/10.3390/medicina57101072.

[24] McArdle CD, Lagan KM, McDowell DA. Effects of pH on the Antibiotic
Resistance of Bacteria Recovered from Diabetic Foot Ulcer Fluid An In Vitro Study. ]
Am Podiatr Med Assoc 2018;108:6-11. https://doi.org/10.7547/16-033.

[25] Kuo SH, Shen CJ, Shen CF, Cheng CM. Role of pH value in clinically relevant
diagnosis. Diagnostics 2020;10. https://doi.org/10.3390/diagnostics10020107.

129



Antiseptiques et biofilm des plaies chroniques

[26] Leveen HH, Falk G, Borek B, Diaz C, Lynfield Y, Wynkoop BJ, et al. Chemical
acidification of wounds. An adjuvant to healing and the unfavorable action of
alkalinity and ammonia. Ann Surg 1973;178:745-53.
https://doi.org/10.1097/00000658-197312000-00011.

[27] Kolpen M, Hansen CR, Bjarnsholt T, Moser C, Christensen LD, van Gennip M, et
al. Polymorphonuclear leucocytes consume oxygen in sputum from chronic

Pseudomonas aeruginosa pneumonia in cystic fibrosis. Thorax 2010;65:57-62.
https://doi.org/10.1136/thx.2009.114512.

[28] Gethin G. The significance of surface pH in chronic wounds. Wounds UK 2007;3.

[29] Wiegand C, Abel M, Ruth P, Elsner P, Hipler U-C. pH influence on antibacterial
efficacy of common antiseptic substances. Skin Pharmacol Physiol 2015;28:147-58.
https://doi.org/10.1159/000367632.

[30] Thaarup IC, Iversen AKS, Lichtenberg M, Bjarnsholt T, Jakobsen TH. Biofilm
Survival = Strategies in Chronic Wounds. Microorganisms 2022;10:775.
https://doi.org/10.3390/microorganisms10040775.

[31] Gottrup F. Oxygen in wound healing and infection. World ] Surg 2004;28:312-5.
https://doi.org/10.1007/s00268-003-7398-5.

[32] Jensen PY, Kolpen M, Kragh KN, Kiihl M. Microenvironmental characteristics
and physiology of biofilms in chronic infections of CF patients are strongly affected
by the host immune response. APMIS 2017;125:276-88.
https://doi.org/10.1111/apm.12668.

[33] Marino D, Luginbiihl J, Scola S, Meuli M, Reichmann E. Bioengineering dermo-
epidermal skin grafts with blood and lymphatic capillaries. Sci Transl Med
2014;6:221ral4. https://doi.org/10.1126/scitranslmed.3006894.

[34] Wang H, Agarwal P, Xiao Y, Peng H, Zhao S, Liu X, et al. A Nano-In-Micro
System for Enhanced Stem Cell Therapy of Ischemic Diseases. ACS Cent Sci
2017;3:875-85. https://doi.org/10.1021/acscentsci.7b00213.

[35] Frykberg RG, Banks J. Challenges in the Treatment of Chronic Wounds. Adv
Wound Care (New Rochelle) 2015;4:560-82.
https://doi.org/10.1089/wound.2015.0635.

[36] Castilla DM, Liu Z-], Velazquez OC. Oxygen: Implications for Wound Healing.
Adv Wound Care (New Rochelle) 2012;1:225-30.
https://doi.org/10.1089/wound.2011.0319.

130



Antiseptiques et biofilm des plaies chroniques

[37] Rodrigues M, Kosaric N, Bonham CA, Gurtner GC. Wound Healing: A Cellular
Perspective. Physiological Reviews 2019;99:665-706.
https://doi.org/10.1152/physrev.00067.2017.

[38] Wetzler C, Kimpfer H, Stallmeyer B, Pfeilschifter J, Frank S. Large and sustained
induction of chemokines during impaired wound healing in the genetically diabetic
mouse: prolonged persistence of neutrophils and macrophages during the late
phase of repair. ] Invest Dermatol 2000;115:245-53. https://doi.org/10.1046/j.1523-
1747.2000.00029.x.

[39] Schultz GS, Davidson JM, Kirsner RS, Bornstein P, Herman IM. Dynamic
Reciprocity in the Wound Microenvironment. Wound Repair Regen 2011;19:134-48.
https://doi.org/10.1111/j.1524-475X.2011.00673.x.

[40] Yager DR, Chen SM, Ward SI, Olutoye OO, Diegelmann RF, Kelman Cohen I
Ability of chronic wound fluids to degrade peptide growth factors is associated with
increased levels of elastase activity and diminished levels of proteinase inhibitors.
Wound Repair Regen 1997;5:23-32. https://doi.org/10.1046/j.1524-475X.1997.50108 .x.

[41] ShiR, LiH, Jin X, Huang X, Ou Z, Zhang X, et al. Promoting Re-epithelialization
in an oxidative diabetic wound microenvironment using self-assembly of a ROS-
responsive polymer and P311 peptide micelles. Acta Biomaterialia 2022.
https://doi.org/10.1016/j.actbio.2022.09.017.

[42] El-Kenawi A, Ruffell B. Inflammation, ROS, and Mutagenesis. Cancer Cell
2017;32:727-9. https://doi.org/10.1016/j.ccell.2017.11.015.

[43] Wu H, Li F, Shao W, Gao ], Ling D. Promoting Angiogenesis in Oxidative
Diabetic Wound Microenvironment Using a Nanozyme-Reinforced Self-Protecting
Hydrogel. ACS Cent Sci 2019;5:477-85. https://doi.org/10.1021/acscentsci.8b00850.

[44] Brackman G, Coenye T. In Vitro and In Vivo Biofilm Wound Models and Their
Application. Adv Exp Med Biol 2016;897:15-32.
https://doi.org/10.1007/5584_2015_5002.

[45] Malone M, Bjarnsholt T, McBain AJ, James GA, Stoodley P, Leaper D, et al. The
prevalence of biofilms in chronic wounds: a systematic review and meta-analysis of
published data. J Wound Care 2017;26:20-5.
https://doi.org/10.12968/jowc.2017.26.1.20.

[46] Cutting K, Wolcott R, Dowd S, Percival S. Biofilms and Significance to Wound
Healing, 2010, p. 233-47. https://doi.org/10.1201/9781420079944-c8.

131



Antiseptiques et biofilm des plaies chroniques

[47] World Union of Wound Healing Society. World Union of Wound Healing
Societies (WUWHS), Florence Congress, Position document: Management of
biofilm. Wounds International 2016, 2016.

[48] Wolcott R. Are chronic wounds, chronic infections? ] Wound Care 2016;25:53-S3.
https://doi.org/10.12968/jowc.2016.25.5up10.S3.

[49] Tomic-Canic M, Burgess JL, O’Neill KE, Strbo N, Pastar I. Skin Microbiota and its
Interplay with Wound Healing. Am ] Clin Dermatol 2020;21:36—43.
https://doi.org/10.1007/s40257-020-00536-w.

[50] Sethuram L, Thomas J, Mukherjee A, Chandrasekaran N. A review on
contemporary nanomaterial-based therapeutics for the treatment of diabetic foot
ulcers (DFUs) with special reference to the Indian scenario. Undefined 2022.

[51] Emile C. Dépistage des complications du diabéte. Option/Bio 2019;29:27-9.
https://doi.org/10.1016/50992-5945(19)30118-7.

[52] Schlienger J-L. Complications du diabete de type 2. La Presse Médicale
2013;42:839-48. https://doi.org/10.1016/j.1pm.2013.02.313.

[53] Kalscheuer H, Serfling G, Schmid S, Lehnert H. [Diabetic emergencies:
Hypoglycemia, ketoacidotic and hyperglycemic hyperosmolar nonketotic comal.
Internist (Berl) 2017;58:1020-8. https://doi.org/10.1007/s00108-017-0317-x.

[54] Nakhleh A, Shehadeh N. Hypoglycemia in diabetes: An update on
pathophysiology, treatment, and prevention. World ] Diabetes 2021;12:2036—49.
https://doi.org/10.4239/wjd.v12.i12.2036.

[55] Wolfsdorf JI, Glaser N, Agus M, Fritsch M, Hanas R, Rewers A, et al. ISPAD
Clinical Practice Consensus Guidelines 2018: Diabetic ketoacidosis and the
hyperglycemic hyperosmolar state. Pediatr Diabetes 2018;19 Suppl 27:155-77.
https://doi.org/10.1111/pedi.12701.

[56] Orban J-C, Ichai C. Complications métaboliques aigués du diabete. Réanimation
2008;17:761-7. https://doi.org/10.1016/j.reaurg.2008.09.006.

[57] Hasni Y, Graja S, Jemal M, Jebali A, Sayadi H, Marmouch H, et al. Les
complications dégénératives du diabete chez le sujet agé. Annales d’Endocrinologie
2013;74:418. https://doi.org/10.1016/j.and0.2013.07.637.

[68] Cavalu S, Sharuk K. An Overview of Diabetic Foot Ulcers and Associated
Problems with Special Emphasis on Treatments with Antimicrobials. Life 2022;12.
https://doi.org/10.3390/1ife12071054.

132



Antiseptiques et biofilm des plaies chroniques

[59] Faselis C, Katsimardou A, Imprialos K, Deligkaris P, Kallistratos M, Dimitriadis
K. Microvascular Complications of Type 2 Diabetes Mellitus. Curr Vasc Pharmacol
2020;18:117-24. https://doi.org/10.2174/1570161117666190502103733.

[60] Lecube A, Pachén G, Petriz J, Hernandez C, Simo6 R. Phagocytic Activity Is
Impaired in Type 2 Diabetes Mellitus and Increases after Metabolic Improvement.
PLoS One 2011;6:e23366. https://doi.org/10.1371/journal.pone.0023366.

[61] Bandyk DF. The diabetic foot: Pathophysiology, evaluation, and treatment.
Seminars in Vascular Surgery 2018;31:43-8.
https://doi.org/10.1053/j.semvascsurg.2019.02.001.

[62] Sun H, Saeedi P, Karuranga S, Pinkepank M, Ogurtsova K, Duncan BB, et al. IDF
Diabetes Atlas: Global, regional and country-level diabetes prevalence estimates for
2021 and projections for 2045. Diabetes Research and Clinical Practice 2022;183.
https://doi.org/10.1016/j.diabres.2021.109119.

[63] Lipsky BA, Senneville E, Abbas ZG, Aragon-Sanchez |, Diggle M, Embil JM, et al.
Guidelines on the diagnosis and treatment of foot infection in persons with diabetes
(IWGDF 2019 wupdate). Diabetes Metab Res Rev 2020;36 Suppl 1:3280.
https://doi.org/10.1002/dmrr.3280.

[64] Armstrong DG, Boulton AJM, Bus SA. Diabetic Foot Ulcers and Their
Recurrence. N Engl ] Med 2017;376:2367-75. https://doi.org/10.1056/NEJMra1615439.

[65] Uckay I, Gariani K, Pataky Z, Lipsky BA. Diabetic foot infections: state-of-the-art.
Diabetes Obes Metab 2014;16:305-16. https://doi.org/10.1111/dom.12190.

[66] Dorr S, Holland-Letz A-K, Weisser G, Chatzitomaris A, Lobmann R. Bacterial
Diversity, Antibiotic Resistance, and the Risk of Lower Limb Amputation in
Younger and Older Individuals With Diabetic Foot Infection. Int ] Low Extrem
Wounds 2021:1534734621992290. https://doi.org/10.1177/1534734621992290.

[67] Monteiro-Soares M, Russell D, Boyko EJ, Jetfcoate W, Mills JL, Morbach S, et al.
Guidelines on the classification of diabetic foot wulcers (IWGDF 2019).
Diabetes/Metabolism Research and Reviews 2020;36:€3273.
https://doi.org/10.1002/dmrr.3273.

[68] Monteiro-Soares M, Boyko EJ, Jetfcoate W, Mills JL, Russell D, Morbach S, et al.
Diabetic foot ulcer classifications: A critical review. Diabetes Metab Res Rev 2020;36
Suppl 1:e3272. https://doi.org/10.1002/dmrr.3272.

[69] Lavery LA, Armstrong DG, Murdoch DP, Peters E]JG, Lipsky BA. Validation of
the Infectious Diseases Society of America’s diabetic foot infection classification
system. Clin Infect Dis 2007;44:562-5. https://doi.org/10.1086/511036.

133



Antiseptiques et biofilm des plaies chroniques

[70] Bravo-Molina A, Linares-Palomino JP, Vera-Arroyo B, Salmeron-Febres LM, Ros-
Die E. Inter-observer agreement of the Wagner, University of Texas and PEDIS
classification systems for the diabetic foot syndrome. Foot Ankle Surg 2018;24:60—4.
https://doi.org/10.1016/j.fas.2016.10.009.

[71]  Stiehl JB. Early wound bed preparation: irrigation and debridement. ] Wound
Care 2021;30:58-16. https://doi.org/10.12968/jowc.2021.30.Sup9.S8.

[72] Wolcott RD, Kennedy JP, Dowd SE. Regular debridement is the main tool for
maintaining a healthy wound bed in most chronic wounds. ] Wound Care
2009;18:54—6. https://doi.org/10.12968/jowc.2009.18.2.38743.

[73] Sibbald RG, Elliott JA, Persaud-Jaimangal R, Goodman L, Armstrong DG, Harley
C, et al. Wound Bed Preparation 2021. Adv Skin Wound Care 2021;34:183-95.
https://doi.org/10.1097/01.ASW.0000733724.87630.d6.

[74] Barrigah-Benissan K, Ory ], Sotto A, Salipante F, Lavigne J-P, Loubet P.
Antiseptic Agents for Chronic Wounds: A Systematic Review. Antibiotics (Basel)
2022;11:350. https://doi.org/10.3390/antibiotics11030350.

[75] Afonso AC, Oliveira D, Saavedra MJ, Borges A, Simdes M. Biofilms in Diabetic
Foot Ulcers: Impact, Risk Factors and Control Strategies. Int ] Mol Sci 2021;22:8278.
https://doi.org/10.3390/ijms22158278.

[76] CClin Sud Ouest. Guide de bon uage des antiseptiques pour la prévention du
risque infectieux chez I’adulte n.d.

[77] Wolcott RD, Hanson JD, Rees EJ, Koenig LD, Phillips CD, Wolcott RA, et al.
Analysis of the chronic wound microbiota of 2,963 patients by 165 rDNA
pyrosequencing. Wound  Repair and  Regeneration  2016;24:163-74.
https://doi.org/10.1111/wrr.12370.

[78] Percival SL, Malone M, Mayer D, Salisbury A, Schultz G. Role of anaerobes in
polymicrobial communities and biofilms complicating diabetic foot ulcers. Int
Wound ] 2018;15:776-82. https://doi.org/10.1111/iwj.12926.

[79] Verbanic S, Shen Y, Lee ], Deacon JM, Chen IA. Microbial predictors of healing
and short-term effect of debridement on the microbiome of chronic wounds. NPJ
Biofilms Microbiomes 2020;6:21. https://doi.org/10.1038/s41522-020-0130-5.

[80] Pastar I, Nusbaum AG, Gil J, Patel SB, Chen J, Valdes ], et al. Interactions of
Methicillin Resistant Staphylococcus aureus USA300 and Pseudomonas aeruginosa
in Polymicrobial Wound Infection. PLoS One 2013;8:e56846.
https://doi.org/10.1371/journal.pone.0056846.

134



Antiseptiques et biofilm des plaies chroniques

[81] Thimmappaiah Jagadeesh A, Prakash PY, Karthik Rao N, Ramya V. Culture
characterization of the skin microbiome in Type 2 diabetes mellitus: A focus on the
role of innate immunity. Diabetes Res Clin Pract 2017;134:1-7.
https://doi.org/10.1016/j.diabres.2017.09.007.

[82] Kalan LR, Meisel JS, Loesche MA, Horwinski J, Soaita I, Chen X, et al. Strain- and
Species-Level Variation in the Microbiome of Diabetic Wounds Is Associated with
Clinical Outcomes and Therapeutic Efficacy. Cell Host Microbe 2019;25:641-655.e5.
https://doi.org/10.1016/j.chom.2019.03.006.

[83] Loesche M, Gardner SE, Kalan L, Horwinski J, Zheng Q, Hodkinson BP, et al.
Temporal Stability in Chronic Wound Microbiota Is Associated With Poor Healing. |
Invest Dermatol 2017;137:237—-44. https://doi.org/10.1016/j.jid.2016.08.009.

[84] Krumkamp R, Oppong K, Hogan B, Strauss R, Frickmann H, Wiafe-Akenten C,
et al. Spectrum of antibiotic resistant bacteria and fungi isolated from chronically
infected wounds in a rural district hospital in Ghana. PLOS ONE 2020;15:e0237263.
https://doi.org/10.1371/journal.pone.0237263.

[85] Dowd SE, Delton Hanson J, Rees E, Wolcott RD, Zischau AM, Sun Y, et al.
Survey of fungi and yeast in polymicrobial infections in chronic wounds. ] Wound
Care 2011;20:40-7. https://doi.org/10.12968/jowc.2011.20.1.40.

[86] Gardiner M, Vicaretti M, Sparks ], Bansal S, Bush S, Liu M, et al. A longitudinal
study of the diabetic skin and wound microbiome. Peer] 2017;5:e3543.
https://doi.org/10.7717/peer;j.3543.

[87] Tipton CD, Wolcott RD, Sanford NE, Miller C, Pathak G, Silzer TK, et al. Patient
genetics is linked to chronic wound microbiome composition and healing. PLoS
Pathogens 2020;16:e1008511. https://doi.org/10.1371/journal.ppat.1008511.

[88] Pouget C. Modeles d’infection de la plaie du pied chez le diabétique : approche
in vitro et in vivo de la formation de biofilms de bactéries pathogenes seules ou en
association. PhD thesis. Université Montpellier, 2021.

[89] Guo S, Dipietro LA. Factors affecting wound healing. ] Dent Res 2010;89:219-29.
https://doi.org/10.1177/0022034509359125.

[90] Park J-U, Oh B, Lee JP, Choi M-H, Lee M-], Kim B-S. Influence of Microbiota on
Diabetic Foot Wound in Comparison with Adjacent Normal Skin Based on the
Clinical Features. Biomed Res Int 2019;2019:7459236.
https://doi.org/10.1155/2019/7459236.

[91] Bjarnsholt T. The role of bacterial biofilms in chronic infections. APMIS
2013;121:1-58. https://doi.org/10.1111/apm.12099.

135



Antiseptiques et biofilm des plaies chroniques

[92] Hall-Stoodley L, Costerton JW, Stoodley P. Bacterial biofilms: from the natural
environment to infectious diseases. Nat Rev Microbiol 2004;2:95-108.
https://doi.org/10.1038/nrmicro821.

[93] Purevdorj B, Costerton JW, Stoodley P. Influence of Hydrodynamics and Cell
Signaling on the Structure and Behavior of Pseudomonas aeruginosa Biofilms. Appl
Environ = Microbiol = 2002;68:4457-64.  https://doi.org/10.1128/AEM.68.9.4457-
4464.2002.

[94] Hentzer M, Eberl L, Givskov M. Transcriptome analysis of Pseudomonas
aeruginosa biofilm development: anaerobic respiration and iron limitation. Biofilms
2005;2:37-61. https://doi.org/10.1017/51479050505001699.

[95] Lee K, Yoon SS. Pseudomonas aeruginosa Biofilm, a Programmed Bacterial Life
for Fitness. ] Microbiol Biotechnol 2017;27:1053-64.
https://doi.org/10.4014/jmb.1611.11056.

[96] Guzman-Soto I, McTiernan C, Gonzalez-Gomez M, Ross A, Gupta K, Suuronen
EJ, et al. Mimicking biofilm formation and development: Recent progress in in vitro
and in vivo biofilm models. IScience 2021;24:102443.
https://doi.org/10.1016/j.isci.2021.102443.

[97] Costerton JW, Stewart PS, Greenberg EP. Bacterial biofilms: a common cause of
persistent infections. Science 1999;284:1318-22.
https://doi.org/10.1126/science.284.5418.1318.

[98] Flemming H-C, Neu TR, Wozniak D]J. The EPS matrix: the “house of biofilm
cells.” ] Bacteriol 2007;189:7945-7. https://doi.org/10.1128/JB.00858-07.

[99] Nielsen PH, Jahn A, Palmgren R. Conceptual model for production and
composition of exopolymers in biofilms. Water Science and Technology 1997;36:11—
9. https://doi.org/10.2166/wst.1997.0002.

[100] Kimkes TEP, Heinemann M. How bacteria recognise and respond to surface
contact. FEMS Microbiol Rev 2020;44:106-22. https://doi.org/10.1093/femsre/fuz029.

[101] Yang DC, Blair KM, Salama NR. Staying in Shape: the Impact of Cell Shape on
Bacterial Survival in Diverse Environments. Microbiol Mol Biol Rev 2016;80:187—-
203. https://doi.org/10.1128/MMBR.00031-15.

[102] Conrad JC, Gibiansky ML, Jin F, Gordon VD, Motto DA, Mathewson MA, et al.
Flagella and Pili-Mediated Near-Surface Single-Cell Motility Mechanisms in P.
aeruginosa. Biophys ] 2011;100:1608-16. https://doi.org/10.1016/j.bpj.2011.02.020.

[103] Berne C, Ellison CK, Ducret A, Brun YV. Bacterial adhesion at the single-cell
level. Nat Rev Microbiol 2018;16:616-27. https://doi.org/10.1038/s41579-018-0057-5.

136



Antiseptiques et biofilm des plaies chroniques

[104] Ellison CK, Kan J, Dillard RS, Kysela DT, Ducret A, Berne C, et al. Obstruction of
pilus retraction stimulates bacterial surface sensing. Science 2017;358:535-8.
https://doi.org/10.1126/science.aan5706.

[105] Lee CK, de Anda J, Baker AE, Bennett RR, Luo Y, Lee EY, et al. Multigenerational
memory and adaptive adhesion in early bacterial biofilm communities. Proceedings
of the National Academy of Sciences 2018;115:4471-6.
https://doi.org/10.1073/pnas.1720071115.

[106] Li G, Brown PJB, Tang JX, Xu J, Quardokus EM, Fuqua C, et al. Surface contact
stimulates the just-in-time deployment of bacterial adhesins. Molecular
Microbiology 2012;83:41-51.

[107] Hug I, Deshpande S, Sprecher KS, Pfohl T, Jenal U. Second messenger-mediated
tactile response by a Dbacterial rotary motor. Science 2017;358:531-4.
https://doi.org/10.1126/science.aan5353.

[108] Stones DH, Krachler AM. Against the tide: the role of bacterial adhesion in host
colonization. Biochemical Society Transactions 2016;44:1571-80.
https://doi.org/10.1042/BST20160186.

[109] Sauer K, Cullen MC, Rickard AH, Zeef LAH, Davies DG, Gilbert P.
Characterization of Nutrient-Induced Dispersion in Pseudomonas aeruginosa PAO1
Biofilm. ] Bacteriol 2004;186:7312-26. https://doi.org/10.1128/]B.186.21.7312-
7326.2004.

[110] Persat A, Inclan YF, Engel JN, Stone HA, Gitai Z. Type IV pili
mechanochemically regulate virulence factors in Pseudomonas aeruginosa. PROC
NAT ACAD OF SCI (USA) 2015;112:7563-8.
https://doi.org/10.1073/pnas.1502025112.

[111] Laventie B-J, Sangermani M, Estermann F, Manfredi P, Planes R, Hug I, et al. A
Surface-Induced Asymmetric Program Promotes Tissue Colonization by
Pseudomonas aeruginosa. Cell Host Microbe 2019;25:140-152.e6.
https://doi.org/10.1016/j.chom.2018.11.008.

[112] Sauer K, Camper AK. Characterization of phenotypic changes in Pseudomonas
putida in response to surface-associated growth. ] Bacteriol 2001;183:6579-89.
https://doi.org/10.1128/]B.183.22.6579-6589.2001.

[113] Dominiak DM, Nielsen JL, Nielsen PH. Extracellular DNA is abundant and
important for microcolony strength in mixed microbial biofilms. Environmental
Microbiology 2011;13:710-21. https://doi.org/10.1111/j.1462-2920.2010.02375 x.

137



Antiseptiques et biofilm des plaies chroniques

[114] Koo H, Xiao ], Klein MI, Jeon JG. Exopolysaccharides produced by Streptococcus
mutans glucosyltransferases modulate the establishment of microcolonies within
multispecies biofilms. ] Bacteriol 2010;192:3024-32. https://doi.org/10.1128/JB.01649-
09.

[115] Su P-T, Liao C-T, Roan J-R, Wang S-H, Chiou A, Syu W-]. Bacterial Colony from
Two-Dimensional Division to Three-Dimensional Development. PloS One
2012;7:48098. https://doi.org/10.1371/journal.pone.0048098.

[116] Colvin KM, Irie Y, Tart CS, Urbano R, Whitney JC, Ryder C, et al. The Pel and Psl
polysaccharides provide Pseudomonas aeruginosa structural redundancy within the
biofilm matrix. Environ Microbiol 2012;14:1913-28. https://doi.org/10.1111/j.1462-
2920.2011.02657 x.

[117] Gupta P, Sarkar S, Das B, Bhattacharjee S, Tribedi P. Biofilm, pathogenesis and
prevention--a journey to break the wall: a review. Arch Microbiol 2016;198:1-15.
https://doi.org/10.1007/s00203-015-1148-6.

[118] Elias S, Banin E. Multi-species biofilms: living with friendly neighbors. FEMS
Microbiology Reviews 2012;36:990-1004. https://doi.org/10.1111/.1574-
6976.2012.00325.x.

[119] Gao M, Zheng H, Ren Y, Lou R, Wu F, Yu W, et al. A crucial role for spatial
distribution in  bacterial ~quorum = sensing. Sci Rep = 2016;6:34695.
https://doi.org/10.1038/srep34695.

[120] Jakubovics NS. Intermicrobial Interactions as a Driver for Community
Composition and Stratification of Oral Biofilms. ] Mol Biol 2015;427:3662-75.
https://doi.org/10.1016/j.jmb.2015.09.022.

[121] Kara D, Luppens SBI, van Marle ], Ozok R, ten Cate JM. Microstructural
differences between single-species and dual-species biofilms of Streptococcus

mutans and Veillonella parvula, before and after exposure to chlorhexidine. FEMS
Microbiol Lett 2007;271:90-7. https://doi.org/10.1111/j.1574-6968.2007.00701.x.

[122] Kim D, Barraza JP, Arthur RA, Hara A, Lewis K, Liu Y, et al. Spatial mapping of
polymicrobial communities reveals a precise biogeography associated with human
dental caries. Proceedings of the National Academy of Sciences of the United States
of America 2020;117:undefined-undefined. https://doi.org/10.1073/pnas.1919099117.

[123] Fazli M, Bjarnsholt T, Kirketerp-Meller K, Jorgensen B, Andersen AS, Krogfelt
KA, et al. Nonrandom Distribution of Pseudomonas aeruginosa and Staphylococcus
aureus in  Chronic Wounds. J Clin  Microbiol  2009;47:4084-9.
https://doi.org/10.1128/JCM.01395-09.

138



Antiseptiques et biofilm des plaies chroniques

[124] Petrova OE, Sauer K. Escaping the biofilm in more than one way: desorption,
detachment  or  dispersion. Curr Opin  Microbiol  2016;30:67-78.
https://doi.org/10.1016/j.mib.2016.01.004.

[125] Rumbaugh KP, Sauer K. Biofilm dispersion. Nat Rev Microbiol 2020;18:571-86.
https://doi.org/10.1038/s41579-020-0385-0.

[126] Stoodley P, Wilson S, Hall-Stoodley L, Boyle JD, Lappin-Scott HM, Costerton JW.
Growth and Detachment of Cell Clusters from Mature Mixed-Species Biofilms.
Applied and Environmental Microbiology 2001;67:5608-13.
https://doi.org/10.1128/ AEM.67.12.5608-5613.2001.

[127] Apidianakis Y, Rahme LG. Drosophila melanogaster as a model host for
studying Pseudomonas aeruginosa infection. Nat Protoc 2009;4:1285-94.
https://doi.org/10.1038/nprot.2009.124.

[128] Leung KP, D’Arpa P, Seth AK, Geringer MR, Jett M, Xu W, et al. Dermal wound
transcriptomic responses to Infection with Pseudomonas aeruginosa versus
Klebsiella pneumoniae in a rabbit ear wound model. BMC Clin Pathol 2014;14:20.
https://doi.org/10.1186/1472-6890-14-20.

[129] Mogford JE, Tawil B, Jia S, Mustoe TA. Fibrin sealant combined with fibroblasts
and platelet-derived growth factor enhance wound healing in excisional wounds.
Wound Repair Regen 2009;17:405-10. https://doi.org/10.1111/.1524-
475X.2009.00481.x.

[130] Akiyama H, Huh W-K, Yamasaki O, Oono T, Iwatsuki K. Confocal laser scanning
microscopic observation of glycocalyx production by Staphylococcus aureus in

mouse skin: does S. aureus generally produce a biofilm on damaged skin? Br ]
Dermatol 2002;147:879-85. https://doi.org/10.1046/j.1365-2133.2002.04962.x.

[131] Thaarup IC, Bjarnsholt T. Current In Vitro Biofilm-Infected Chronic Wound
Models for Developing New Treatment Possibilities. Adv Wound Care (New
Rochelle) 2021;10:91-102. https://doi.org/10.1089/wound.2020.1176.

[132] Zobell CE, Allen EC. The Significance of Marine Bacteria in the Fouling of
Submerged Surfaces. ] Bacteriol 1935;29:239-51. https://doi.org/10.1128/jb.29.3.239-
251.1935.

[133] Wilson C, Lukowicz R, Merchant S, Valquier-Flynn H, Caballero J, Sandoval ], et
al. Quantitative and Qualitative Assessment Methods for Biofilm Growth: A Mini-
review. Res Rev ] Eng Technol 2017;6:http://www.rroij.com/open-
access/quantitative-and-qualitative-assessment-methods-for-biofilm-growth-a-
minireview-.pdf.

139



Antiseptiques et biofilm des plaies chroniques

[134] Olivares E, Badel-Berchoux S, Provot C, Jaulhac B, Prévost G, Bernardi T, et al.
The BioFilm Ring Test: a Rapid Method for Routine Analysis of Pseudomonas
aeruginosa Biofilm Formation Kinetics. ] Clin Microbiol 2016;54:657-61.
https://doi.org/10.1128/JCM.02938-15.

[135] Sibbald RG, Elliott JA, Persaud-Jaimangal R, Goodman L, Armstrong DG, Harley
C, et al. Wound Bed Preparation 2021. Adv Skin Wound Care 2021;34:183-95.
https://doi.org/10.1097/01.ASW.0000733724.87630.d6.

[136] Pouget C, Dunyach-Remy C, Pantel A, Schuldiner S, Sotto A, Lavigne ]-P.
Biofilms in Diabetic Foot Ulcers: Significance and Clinical Relevance.
Microorganisms 2020;8:E1580. https://doi.org/10.3390/microorganisms8101580.

[137] Barrigah-Benissan K, Ory ], Dunyach-Remy C, Pouget C, Lavigne J-P, Sotto A.
Antibiofilm Properties of Antiseptic Agents Used on Pseudomonas aeruginosa

Isolated from Diabetic Foot Ulcers. International Journal of Molecular Sciences
2022;23:11270. https://doi.org/10.3390/ijms231911270.

[138] Mottola C, Mendes JJ, Cristino JM, Cavaco-Silva P, Tavares L, Oliveira M.
Polymicrobial biofilms by diabetic foot clinical isolates. Folia Microbiol (Praha)
2016;61:35—43. https://doi.org/10.1007/s12223-015-0401-3.

[139] Cornforth D, Dees ], Ibberson C, Huse H, Mathiesen I, Kirketerp-Moller K, et al.
Pseudomonas aeruginosa transcriptome during human infection. Proceedings of the
National Academy of Sciences 2018;115:201717525.
https://doi.org/10.1073/pnas.1717525115.

[140] Xu Y, Maltesen RG, Larsen LH, Schonheyder HC, Le VQ, Nielsen JL, et al. In
vivo gene expression in a Staphylococcus aureus prosthetic joint infection

characterized by RNA sequencing and metabolomics: a pilot study. BMC Microbiol
2016;16:80. https://doi.org/10.1186/s12866-016-0695-6.

[141] Singh PK, Yadav VK, Kalia M, Sharma D, Pandey D, Agarwal V. Pseudomonas
aeruginosa quorum-sensing molecule N-(3-oxo-dodecanoyl)-L-homoserine lactone
triggers mitochondrial dysfunction and apoptosis in neutrophils through calcium
signaling. Med Microbiol Immunol 2019;208:855-68. https://doi.org/10.1007/s00430-
019-00631-8.

[142] Kaya E, Grassi L, Benedetti A, Maisetta G, Pileggi C, Di Luca M, et al. In vitro
interaction of Pseudomonas aeruginosa biofilms with human peripheral blood
mononuclear  cells. FRONTIERS IN CELLULAR AND INFECTION
MICROBIOLOGY 2020;10. https://doi.org/10.3389/fcimb.2020.00187.

140



Antiseptiques et biofilm des plaies chroniques

[143] Kirketerp-Moller K, Jensen PY, Fazli M, Madsen KG, Pedersen ], Moser C, et al.
Distribution, Organization, and Ecology of Bacteria in Chronic Wounds. ] Clin
Microbiol 2008;46:2717-22. https://doi.org/10.1128/JCM.00501-08.

[144] Trivedi U, Madsen JS, Rumbaugh KP, Wolcott RD, Burmelle M, Sgrensen SJ. A
post-planktonic era of in vitro infectious models: issues and changes addressed by a
clinically relevant wound like media. Crit Rev Microbiol 2017;43:453-65.
https://doi.org/10.1080/1040841X.2016.1252312.

[145] Koo H, Yamada KM. Dynamic cell-matrix interactions modulate microbial
biofilm and tissue 3D microenvironments. Curr Opin Cell Biol 2016;42:102-12.
https://doi.org/10.1016/j.ceb.2016.05.005.

[146] Fexby S, Bjarnsholt T, Jensen PY, Roos V, Haiby N, Givskov MC, et al. Biological
Trojan horse: Antigen 43 provides specific bacterial uptake and survival in human
neutrophils. Infection and Immunity 2007;75:30—4. https://doi.org/10.1128/IA1.01117-
06.

[147] Joubert L-M, Wolfaardt GM, Botha A. Microbial Exopolymers Link Predator and
Prey in a Model Yeast Biofilm System. Microb Ecol 2006;52:187-97.
https://doi.org/10.1007/s00248-006-9063-7.

[148] Rybtke M, Jensen PO, Nielsen CH, Tolker-Nielsen T. The Extracellular
Polysaccharide Matrix of Pseudomonas aeruginosa Biofilms Is a Determinant of

Polymorphonuclear Leukocyte Responses. Infect Immun 2020;89:e00631-20.
https://doi.org/10.1128/IA1.00631-20.

[149] Alipour M, Suntres ZE, Omri A. Importance of DNase and alginate lyase for
enhancing free and liposome encapsulated aminoglycoside activity against
Pseudomonas  aeruginosa. ]  Antimicrob = Chemother  2009;64:317-25.
https://doi.org/10.1093/jac/dkp165.

[150] Alhede M, Kragh KN, Qvortrup K, Allesen-Holm M, van Gennip M, Christensen
LD, et al. Phenotypes of non-attached Pseudomonas aeruginosa aggregates
resemble surface attached biofilm. PLoS One 2011;6:27943.
https://doi.org/10.1371/journal.pone.0027943.

[151] Sedghizadeh PP, Kumar SKS, Gorur A, Schaudinn C, Shuler CF, Costerton JW.
Microbial biofilms in osteomyelitis of the jaw and osteonecrosis of the jaw
secondary to bisphosphonate therapy. ] Am Dent Assoc 2009;140:1259-65.
https://doi.org/10.14219/jada.archive.2009.0049.

[152] Nielsen LP, Risgaard-Petersen N, Fossing H, Christensen PB, Sayama M. Electric
currents couple spatially separated biogeochemical processes in marine sediment.
Nature 2010;463:1071-4. https://doi.org/10.1038/nature08790.

141



Antiseptiques et biofilm des plaies chroniques

[153] Dow G, Browne A, Sibbald RG. Infection in chronic wounds: controversies in
diagnosis and treatment. Ostomy Wound Manage 1999;45:23-7, 29-40; quiz 41-2.

[154] Misic AM, Gardner SE, Grice EA. The Wound Microbiome: Modern Approaches
to Examining the Role of Microorganisms in Impaired Chronic Wound Healing.
Adv Wound Care (New Rochelle) 2014,3:502-10.
https://doi.org/10.1089/wound.2012.0397.

[155] Rice LB. Mechanisms of resistance and clinical relevance of resistance to [3-
lactams, glycopeptides, and fluoroquinolones. Mayo Clin Proc 2012;87:198-208.
https://doi.org/10.1016/j.mayocp.2011.12.003.

[156] Pang Z, Raudonis R, Glick BR, Lin T-J, Cheng Z. Antibiotic resistance in
Pseudomonas aeruginosa: mechanisms and alternative therapeutic strategies.
Biotechnol Adv 2019;37:177-92. https://doi.org/10.1016/j.biotechadv.2018.11.013.

[157] Pouget C, Dunyach-Remy C, Pantel A, Boutet-Dubois A, Schuldiner S, Sotto A, et
al. Alternative Approaches for the Management of Diabetic Foot Ulcers. Front
Microbiol 2021;12:747618. https://doi.org/10.3389/fmicb.2021.747618.

[158] Atiyeh BS, Dibo SA, Hayek SN. Wound cleansing, topical antiseptics and wound
healing. Int Wound J 2009;6:420-30. https://doi.org/10.1111/j.1742-481X.2009.00639.x.

[159] Nowak M, Mehrholz D, Baranska-Rybak W, Nowicki RJ. Wound debridement
products and techniques: clinical examples and literature review. Postepy Dermatol
Alergol 2022;39:479-90. https://doi.org/10.5114/ada.2022.117572.

[160] Schwartz JA, Goss SG, Facchin F, Avdagic E, Lantis JC. Surgical debridement
alone does not adequately reduce planktonic bioburden in chronic lower extremity
wounds. ] Wound Care 2014;23:54, S6, S8 passim.
https://doi.org/10.12968/jowc.2014.23.5up9.54.

[161] docThom. Définition de “Antisepsie.” Dictionnaire médical n.d.

[162] Babalska Zt, Korbecka-Paczkowska M, Karpiniski TM. Wound Antiseptics and
European Guidelines for Antiseptic Application in Wound Treatment.
Pharmaceuticals 2021;14:1253. https://doi.org/10.3390/ph14121253.

[163] Chindera K, Mahato M, Kumar Sharma A, Horsley H, Kloc-Muniak K,
Kamaruzzaman NF, et al. The antimicrobial polymer PHMB enters cells and

selectively  condenses  bacterial chromosomes. Sci  Rep  2016;6:23121.
https://doi.org/10.1038/srep23121.

[164] Sowlati-Hashjin S, Carbone P, Karttunen M. Insights into the Polyhexamethylene
Biguanide (PHMB) Mechanism of Action on Bacterial Membrane and DNA: A

142



Antiseptiques et biofilm des plaies chroniques

Molecular ~ Dynamics  Study. ] Phys Chem B 2020;124:4487-97.
https://doi.org/10.1021/acs.jpcb.0c02609.

[165] Creppy EE, Diallo A, Moukha S, Eklu-Gadegbeku C, Cros D. Study of Epigenetic
Properties of Poly(HexaMethylene Biguanide) Hydrochloride (PHMB). International
Journal of Environmental Research and Public Health 2014;11:8069-92.
https://doi.org/10.3390/ijerph110808069.

[166] Chadeau E, Dumas E, Adt I, Degraeve P, Noél C, Girodet C, et al. Assessment of
the mode of action of polyhexamethylene biguanide against Listeria innocua by

Fourier transformed infrared spectroscopy and fluorescence anisotropy analysis.
Can ] Microbiol 2012;58:1353-61. https://doi.org/10.1139/w2012-113.

[167] Kodedova M, Sigler K, Lemire BD, Gaskova D. Fluorescence method for
determining the mechanism and speed of action of surface-active drugs on yeast
cells. BioTechniques 2011;50:58-63. https://doi.org/10.2144/000113568.

[168] Zamora JL. Chemical and microbiologic characteristics and toxicity of povidone-
iodine solutions. The American Journal of Surgery 1986;151:400-6.
https://doi.org/10.1016/0002-9610(86)90477-0.

[169] Punjataewakupt A, Napavichayanun S, Aramwit P. The downside of
antimicrobial agents for wound healing. Eur ] Clin Microbiol Infect Dis 2019;38:39—
54. https://doi.org/10.1007/s10096-018-3393-5.

[170] Fukuzaki S. Mechanisms of Actions of Sodium Hypochlorite in Cleaning and
Disinfection Processes. Biocontrol Sci 2006;11:147-57.
https://doi.org/10.4265/bio.11.147.

[171] Kramer A, Dissemond J, Kim S, Willy C, Mayer D, Papke R, et al. Consensus on
Wound Antisepsis: Update 2018. Skin Pharmacol Physiol 2018;31:28-58.
https://doi.org/10.1159/000481545.

[172] Alves PJ, Barreto RT, Barrois BM, Gryson LG, Meaume S, Monstrey SJ. Update
on the role of antiseptics in the management of chronic wounds with critical
colonisation and/or biofilm. Int Wound ] 2021;18:342-58.
https://doi.org/10.1111/iwj.13537.

[173] Hunt S. Case 14: Octenilin Wound Gel versus betadine/PHMB gel. ] Wound Care
2016;25:522-23. https://doi.org/10.12968/jowc.2016.25.5up3.522.

[174] Prontosan® Solution de nettoyage de plaies n.d.
https://www .bbraun.be/fr/products/b/prontosan-solution.html (accessed September
28, 2022).

143



Antiseptiques et biofilm des plaies chroniques

[175] octenilin® Gel pour les plaies - Schiilke & Mayr GmbH n.d.
https://www.schuelke.com/fr-fr/products/octenilin-Gel-pour-les-plaies.php
(accessed September 28, 2022).

[176] Bigliardi PL, Alsagoff SAL, El-Kafrawi HY, Pyon J-K, Wa CTC, Villa MA.
Povidone iodine in wound healing: A review of current concepts and practices.
International Journal of Surgery 2017;44:260-8.
https://doi.org/10.1016/j.ijsu.2017.06.073.

[177] Daroczy ]J. Antiseptic efficacy of local disinfecting povidone-iodine (Betadine)
therapy in chronic wounds of lymphedematous patients. Dermatology 2002;204
Suppl 1:75-8. https://doi.org/10.1159/000057730.

[178] Kaya A z. Turani N, Akytiz M. The effectiveness of a hydrogel dressing
compared with standard management of pressure ulcers. ] Wound Care 2005;14:42—
4. https://doi.org/10.12968/jowc.2005.14.1.26726.

[179] Daroczy J. Quality Control in Chronic Wound Management: The Role of Local
Povidone-lodine (Betadine®) Therapy. DRM 2006;212:82-7.
https://doi.org/10.1159/000089204.

[180] Borges EL, Frison SS, Honorato-Sampaio K, Guedes ACM, Lima VL de AN,
Oliveira OMM de, et al. Effect of Polyhexamethylene Biguanide Solution on
Bacterial Load and Biofilm in Venous Leg Ulcers: A Randomized Controlled Trial. |
Wound Ostomy Continence Nurs 2018;45:425-31.
https://doi.org/10.1097/WON.0000000000000455.

[181] Romanelli M, Dini V, Barbanera S, Bertone MS. Evaluation of the efficacy and
tolerability of a solution containing propyl betaine and polihexanide for wound
irrigation. Skin Pharmacol Physiol 2010;23 Suppl:41-4.
https://doi.org/10.1159/000318266.

[182] Raju R, Kethavath SN, Sangavarapu SM, Kanjarla P. Efficacy of Cadexomer
JTodine in the Treatment of Chronic Ulcers: A Randomized, Multicenter, Controlled
Trial. Wounds 2019;31:85-90.

[183] Gwak HC, Han SH, Lee ], Park S, Sung K-S, Kim H-J, et al. Efficacy of a
povidone-iodine foam dressing (Betafoam) on diabetic foot ulcer. International
Wound Journal 2020;17:91-9. https://doi.org/10.1111/iwj.13236.

[184] Vanscheidt W, Harding K, Téot L, Siebert J. Effectiveness and tissue
compatibility of a 12-week treatment of chronic venous leg ulcers with an octenidine

based antiseptic--a randomized, double-blind controlled study. Int Wound ]
2012;9:316-23. https://doi.org/10.1111/j.1742-481X.2011.00886.x.

144



Antiseptiques et biofilm des plaies chroniques

[185] Holloway GA, Johansen KH, Barnes RW, Pierce GE. Multicenter trial of
cadexomer iodine to treat venous stasis ulcer. West ] Med 1989;151:35-8.

[186] Bellingeri A, Falciani F, Traspedini P, Moscatelli A, Russo A, Tino G, et al. Effect
of a wound cleansing solution on wound bed preparation and inflammation in
chronic wounds: a single-blind RCT. ] Wound Care 2016;25:160, 162-6, 168.
https://doi.org/10.12968/jowc.2016.25.3.160.

[187] Bain MA, Thibodeaux KT, Speyrer MS, Carlson E, Koullias G]J. Effect of Native
Type I Collagen with Polyhexamethylene Biguanide Antimicrobial on Wounds:
Interim Registry Results. Plast Reconstr Surg Glob Open 2019;7:e2251.
https://doi.org/10.1097/GOX.0000000000002251.

[188] Hammerle G, Strohal R. Efficacy and cost-effectiveness of octenidine wound gel
in the treatment of chronic venous leg ulcers in comparison to modern wound
dressings. Int Wound J 2016;13:182-8. https://doi.org/10.1111/iwj.12250.

[189] Barreto R, Barrois B, Lambert J, Malhotra-Kumar S, Santos-Fernandes YV,
Monstrey S. Addressing the challenges in antisepsis: focus on povidone iodine.
International Journal of Antimicrobial Agents 2020;56:106064.
https://doi.org/10.1016/j.jjantimicag.2020.106064.

[190] Krasowski G, Jawien A, Tukiendorf A, Rybak Z, Junka A, Olejniczak-
Nowakowska M, et al. A comparison of an antibacterial sandwich dressing vs
dressing  containing  silver. ~Wound  Repair = Regen  2015;23:525-30.
https://doi.org/10.1111/wrr.12301.

[191] Cassino R, Ippolito A, Cuffaro P, Corsi A, Forma O. Evaluation of the
effectiveness of a hyperoxidized oil-based medication in the treatment of skin
lesions: observational study. Minerva Chirurgica 2015;70:23-31.

[192] Bongiovanni CM. Effects of Hypochlorous Acid Solutions on Venous Leg Ulcers
(VLU): Experience With 1249 VLUs in 897 Patients. ] Am Coll Clin Wound Spec
2014;6:32-7. https://doi.org/10.1016/].jccw.2016.01.001.

[193] Klebes M, Ulrich C, Kluschke F, Patzelt A, Vandersee S, Richter H, et al.
Combined antibacterial effects of tissue-tolerable plasma and a modern
conventional liquid antiseptic on chronic wound treatment. ] Biophotonics
2015;8:382-91. https://doi.org/10.1002/jbio.201400007.

[194] Schultz G, Bjarnsholt T, James GA, Leaper DJ, McBain AJ, Malone M, et al.
Consensus guidelines for the identification and treatment of biofilms in chronic
nonhealing wounds. Wound Repair and Regeneration 2017;25:744-57.
https://doi.org/10.1111/wrr.12590.

145



Antiseptiques et biofilm des plaies chroniques

[195] Higgings T. Cochrane Handbook for Systematic Reviews of Interventions n.d.
/handbook (accessed June 7, 2020).

[196] Moher D, Liberati A, Tetzlaff J, Altman DG. Preferred reporting items for
systematic reviews and meta-analyses: The PRISMA statement. International
Journal of Surgery 2010;8:336—41. https://doi.org/10.1016/j.ijsu.2010.02.007.

[197] Grade Pro Guideline Development Tool n.d.
https://gdt.gradepro.org/app/#projects/p_l_epiphanie08_yahoo_fr_0_d42e3e7f-6691-

48e2-b94d-a3ca408e044e/evidence-syntheses/e7calaf7-45a2-4313-8a96-
7441a4b8d6c6/quality-of-evidence (accessed June 29, 2020).

[198] Sibbald RG, Coutts P, Woo KY. Reduction of bacterial burden and pain in
chronic wounds using a new polyhexamethylene biguanide antimicrobial foam
dressing-clinical ~ trial results. Adv Skin Wound Care 2011;24:78-84.
https://doi.org/10.1097/01.ASW.0000394027.82702.16.

[199] Bahamondez-Canas TF, Heersema LA, Smyth HDC. Current Status of In Vitro
Models and Assays for Susceptibility Testing for Wound Biofilm Infections.
Biomedicines 2019;7. https://doi.org/10.3390/biomedicines7020034.

[200] Pouget C, Dunyach-Remy C, Bernardi T, Provot C, Tasse ], Sotto A, et al. A
Relevant Wound-Like in vitro Media to Study Bacterial Cooperation and Biofilm in
Chronic Wounds. Front Microbiol 2022;13:705479.
https://doi.org/10.3389/fmicb.2022.705479.

[201] Pouget C, Dunyach-Remy C, Pantel A, Schuldiner S, Sotto A, Lavigne ]J-P. New
Adapted In Vitro Technology to Evaluate Biofilm Formation and Antibiotic Activity
Using Live Imaging under Flow Conditions. Diagnostics (Basel) 2021;11:1746.
https://doi.org/10.3390/diagnostics11101746.

[202] Sun Y, Dowd SE, Smith E, Rhoads DD, Wolcott RD. In vitro multispecies
Lubbock chronic wound biofilm model. Wound Repair and Regeneration
2008;16:805-13. https://doi.org/10.1111/j.1524-475X.2008.00434.x.

[203] Girardello R, Bispo P, Yamanaka T, Gales A. Cation Concentration Variability of
Four Distinct Mueller-Hinton Agar Brands Influences Polymyxin B Susceptibility
Results. Journal of Clinical Microbiology 2012;50:2414-8.
https://doi.org/10.1128/JCM.06686-11.

[204] McBain AJ. Chapter 4: In vitro biofilm models: an overview. Adv Appl Microbiol
2009;69:99-132. https://doi.org/10.1016/50065-2164(09)69004-3.

[205] Hanus FJ, Sands JG, Bennett EO. Antibiotic Activity in the Presence of Agar.
Appl Microbiol 1967;15:31—4.

146



Antiseptiques et biofilm des plaies chroniques

[206] James GA, Swogger E, Wolcott R, Pulcini E deLancey, Secor P, Sestrich J, et al.
Biofilms in chronic wounds. Wound Repair Regen 2008;16:37-44.
https://doi.org/10.1111/j.1524-475X.2007.00321.x.

[207] Schwarzer S, James GA, Goeres D, Bjarnsholt T, Vickery K, Percival SL, et al. The
efficacy of topical agents used in wounds for managing chronic biofilm infections: A
systematic review. ] Infect 2020;80:261-70. https://doi.org/10.1016/j.jinf.2019.12.017.

[208] Percival SL, McCarty SM, Lipsky B. Biofilms and Wounds: An Overview of the
Evidence. Adv Wound Care (New Rochelle) 2015;4:373-81.
https://doi.org/10.1089/wound.2014.0557.

[209] Schmidt K, Debus ES, St Jessberger null, Ziegler U, Thiede A. Bacterial
population of chronic crural ulcers: is there a difference between the diabetic, the
venous, and the arterial ulcer? Vasa 2000;29:62-70. https://doi.org/10.1024/0301-
1526.29.1.62.

[210] EUCAST: MIC determination n.d.
https://eucast.org/ast_of_bacteria/mic_determination/?no_cache=1 (accessed
February 14, 2022).

[211] Seth AK, Geringer MR, Hong SJ, Leung KP, Galiano RD, Mustoe TA.
Comparative Analysis of Single-Species and Polybacterial Wound Biofilms Using a
Quantitative, In Vivo, Rabbit Ear Model. PLOS ONE 2012;7:e42897.
https://doi.org/10.1371/journal.pone.0042897.

[212] Sen CK. Human Wound and Its Burden: Updated 2020 Compendium of
Estimates. Adv Wound Care (New Rochelle) 2021;10:281-92.
https://doi.org/10.1089/wound.2021.0026.

[213] Gottrup F. A specialized wound-healing center concept: importance of a
multidisciplinary department structure and surgical treatment facilities in the
treatment of  chronic wounds. Am ]  Surg  2004;187:385-43S.
https://doi.org/10.1016/50002-9610(03)00303-9.

[214] Cho NH, Shaw JE, Karuranga S, Huang Y, da Rocha Fernandes JD, Ohlrogge
AW, et al. IDF Diabetes Atlas: Global estimates of diabetes prevalence for 2017 and
projections for 2045. Diabetes Research and Clinical Practice 2018;138:271-81.
https://doi.org/10.1016/j.diabres.2018.02.023.

[215] Yazdanpanah L, Nasiri M, Adarvishi S. Literature review on the management of
diabetic foot ulcer. World ] Diabetes 2015;6:37-53.
https://doi.org/10.4239/wjd.v6.i1.37.

147



Antiseptiques et biofilm des plaies chroniques

[216] Pouget C, Gustave C-A, Ngba-Essebe C, Laurent F, Lemichez E, Tristan A, et al.
Adaptation of Staphylococcus aureus in a Medium Mimicking a Diabetic Foot
Environment. Toxins (Basel) 2021;13:230. https://doi.org/10.3390/toxins13030230.

[217] Estrela CRA, Estrela C, Reis C, Bammann LL, Pécora ]JD. Control of
microorganisms in vitro by endodontic irrigants. Braz Dent ] 2003;14:187-92.
https://doi.org/10.1590/50103-64402003000300009.

[218] Locker ], Fitzgerald P, Sharp D. Antibacterial validation of electrogenerated
hypochlorite using carbon-based electrodes. Lett Appl Microbiol 2014;59:636—41.
https://doi.org/10.1111/lam.12324.

[219] Loose M, Naber KG, Purcell L, Wirth MP, Wagenlehner FME. Anti-Biofilm Effect
of Octenidine and Polyhexanide on Uropathogenic Biofilm-Producing Bacteria. Urol
Int 2021;105:278-84. https://doi.org/10.1159/000512370.

[220] Kawamura M, Fujimura S, Tokuda K, Aoyagi T, Endo S, Kanamori H, et al.
Mutant selection window of disinfectants for Staphylococcus aureus and
Pseudomonas aeruginosa. Journal of Global Antimicrobial Resistance 2019;17:316—
20. https://doi.org/10.1016/j.jgar.2019.01.015.

[221] Gupta P, Bhatia M, Gupta P, Omar BJ. Emerging Biocide Resistance among
Multidrug-Resistant Bacteria: Myth or Reality? A Pilot Study. ] Pharm Bioallied Sci
2018;10:96-101. https://doi.org/10.4103/JPBS.JPBS_24_18.

[222] Koburger T, Hiibner N-O, Braun M, Siebert ], Kramer A. Standardized
comparison of antiseptic efficacy of triclosan, PVP-iodine, octenidine
dihydrochloride, polyhexanide and chlorhexidine digluconate. ] Antimicrob
Chemother 2010;65:1712-9. https://doi.org/10.1093/jac/dkq212.

[223] Murray JL, Kwon T, Marcotte EM, Whiteley M. Intrinsic Antimicrobial
Resistance Determinants in the Superbug Pseudomonas aeruginosa. MBio
2015;6:01603-15. https://doi.org/10.1128/mBio.01603-15.

[224] Sa A, Sawatdee S, Phadoongsombut N, Buatong W, Nakpeng T, Sritharadol R, et
al. Quantitative analysis of povidone-iodine thin films by X-ray photoelectron

spectroscopy and their physicochemical properties. Acta Pharmaceutica
2017;67:169-86. https://doi.org/10.1515/acph-2017-0011.

[225] Hirsch T, Koerber A, Jacobsen F, Dissemond ], Steinau H-U, Gatermann S, et al.
Evaluation of Toxic Side Effects of Clinically Used Skin Antiseptics In Vitro. Journal
of Surgical Research 2010;164:344-50. https://doi.org/10.1016/j.jss.2009.04.029.

[226] Schultz G, Bjarnsholt T, James GA, Leaper DJ, McBain AJ, Malone M, et al.
Consensus guidelines for the identification and treatment of biofilms in chronic

148



Antiseptiques et biofilm des plaies chroniques

nonhealing wounds. Wound Repair Regen 2017;25:744-57.
https://doi.org/10.1111/wrr.12590.

[227] Zhou Z, Wei D, Lu Y. Polyhexamethylene guanidine hydrochloride shows
bactericidal advantages over chlorhexidine digluconate against ESKAPE bacteria.
Biotechnology and Applied Biochemistry 2015;62:268-74.
https://doi.org/10.1002/bab.1255.

[228] Garratt I, Aranega-Bou P, Sutton JM, Moore G, Wand ME. Long-Term Exposure
to Octenidine in a Simulated Sink Trap Environment Results in Selection of
Pseudomonas aeruginosa, Citrobacter, and Enterobacter Isolates with Mutations in
Efflux Pump Regulators. Appl Environ Microbiol 2021;87:e00210-21.
https://doi.org/10.1128/ AEM.00210-21.

[229] Bygdeman SM, Mardh PA. Antimicrobial susceptibility and susceptibility testing
of Mycoplasma hominis: a review. Sex Transm Dis 1983;10:366—70.

[230] Torrico M, Gonzalez N, Giménez M]J, Alou L, Sevillano D, Navarro D, et al.
Influence of Media and Testing Methodology on Susceptibility to Tigecycline of
Enterobacteriaceae with Reported High Tigecycline MIC. J Clin Microbiol
2010;48:2243-6. https://doi.org/10.1128/JCM.00119-10.

[231] Penna TCV, Mazzola PG, Silva Martins AM. The efficacy of chemical agents in
cleaning and disinfection programs. BMC Infectious Diseases 2001;1:16.
https://doi.org/10.1186/1471-2334-1-16.

[232] Morrissey I, Oggioni MR, Knight D, Curiao T, Coque T, Kalkanci A, et al.
Evaluation of Epidemiological Cut-Off Values Indicates that Biocide Resistant
Subpopulations Are Uncommon in Natural Isolates of Clinically-Relevant
Microorganisms. PLoS One 2014;9:e86669.
https://doi.org/10.1371/journal. pone.0086669.

[233] Dittmann K, Schmidt T, Miiller G, Cuny C, Holtfreter S, Troitzsch D, et al.
Susceptibility of livestock-associated methicillin-resistant Staphylococcus aureus
(LA-MRSA) to chlorhexidine digluconate, octenidine dihydrochloride,
polyhexanide, PVP-iodine and triclosan in comparison to hospital-acquired MRSA
(HA-MRSA) and community-aquired MRSA (CA-MRSA): a standardized
comparison. Antimicrob Resist Infect Control 2019;8:122.
https://doi.org/10.1186/s13756-019-0580-9.

[234] Lopez-Rojas R, Fernandez-Cuenca F, Serrano-Rocha L, Pascual A. In vitro
activity of a polyhexanide-betaine solution against high-risk clones of multidrug-
resistant nosocomial pathogens. Enferm Infecc Microbiol Clin 2017;35:12-9.
https://doi.org/10.1016/j.eimc.2016.02.008.

149



Antiseptiques et biofilm des plaies chroniques

[235] Fabry W, Kock H-J. In-vitro activity of polyhexanide alone and in combination
with antibiotics against Staphylococcus aureus. Journal of Hospital Infection
2014;86:68-72. https://doi.org/10.1016/j.jhin.2013.10.002.

[236] Renzoni A, Von Dach E, Landelle C, Diene SM, Manzano C, Gonzales R, et al.
Impact of Exposure of Methicillin-Resistant Staphylococcus aureus to Polyhexanide
In Vitro and In Vivo. Antimicrob Agents Chemother 2017;61:00272-17.
https://doi.org/10.1128/ AAC.00272-17.

[237] Zheng S, Chung SJ, Sim HC]J, Chlebicka TM, Chan YH, Lim TP, et al. Impact of
formulary interventions on the minimum inhibitory concentration of methicillin-
resistant Staphylococcus aureus to mupirocin, chlorhexidine, and octenidine in a
Singapore tertiary institution. Eur J Clin Microbiol Infect Dis 2020;39:2397-403.
https://doi.org/10.1007/s10096-020-03995-5.

[238] Htun HL, Hon PY, Holden MTG, Ang B, Chow A. Chlorhexidine and octenidine
use, carriage of qac genes, and reduced antiseptic susceptibility in methicillin-
resistant Staphylococcus aureus isolates from a healthcare network. Clin Microbiol
Infect 2019;25:1154.e1-1154.e7. https://doi.org/10.1016/j.cmi.2018.12.036.

[239] Nicolae Dopcea G, Dopcea I, Nanu AE, Diguta CF, Matei F. Resistance and cross-
resistance in Staphylococcus spp. strains following prolonged exposure to different
antiseptics. Journal of Global Antimicrobial Resistance 2020;21:399-404.
https://doi.org/10.1016/j.jgar.2019.10.021.

[240] Grecka K, Szweda P. Synergistic Effects of Propolis Combined with 2-
Phenoxyethanol and Antipyretics on the Growth of Staphylococcus aureus.
Pharmaceutics 2021;13:215. https://doi.org/10.3390/pharmaceutics13020215.

[241] Pasquaroli S, Zandri G, Vignaroli C, Vuotto C, Donelli G, Biavasco F. Antibiotic
pressure can induce the viable but non-culturable state in Staphylococcus aureus
growing in biofilms. Journal of Antimicrobial Chemotherapy 2013;68:1812-7.
https://doi.org/10.1093/jac/dkt086.

[242] Wiegand C, Abel M, Ruth P, Hipler U-C. Analysis of the adaptation capacity of
Staphylococcus aureus to commonly used antiseptics by microplate laser
nephelometry. Skin Pharmacol Physiol 2012;25:288-97.
https://doi.org/10.1159/000341222.

[243] Capriotti K, Capriotti JA. Topical iodophor preparations: chemistry,
microbiology, and clinical utility. Dermatol Online J 2012;18:1.

[244] Al-Doori Z, Goroncy-Bermes P, Gemmell CG, Morrison D. Low-level exposure of
MRSA to octenidine dihydrochloride does not select for resistance. Journal of
Antimicrobial Chemotherapy 2007;59:1280-1. https://doi.org/10.1093/jac/dkm092.

150



Antiseptiques et biofilm des plaies chroniques

[245] Jackson MM. Topical Antiseptics in Healthcare. American Society for Clinical
Laboratory Science 2005;18:160-9. https://doi.org/10.29074/ascls.18.3.160.

[246] Haraszthy VI, Reynolds HS, Sreenivasan PK, Subramanyam R, Cummins D,
Zambon JJ. Media- and method-dependent variations in minimal inhibitory
concentrations of antiplaque agents on oral bacteria. Lett Appl Microbiol
2006;43:256-61. https://doi.org/10.1111/j.1472-765X.2006.01961.x.

[247] Durani P, Leaper D. Povidone-iodine: use in hand disinfection, skin preparation
and antiseptic irrigation. Int Wound ] 2008;5:376-87. https://doi.org/10.1111/j.1742-
481X.2007.00405.x.

[248] Krasowski G, Junka A, Paleczny J, Czajkowska ], Makomaska-Szaroszyk E,
Chodaczek G, et al. In Vitro Evaluation of Polihexanide, Octenidine and
NaCIO/HClO-Based Antiseptics against Biofilm Formed by Wound Pathogens.
Membranes (Basel) 2021;11. https://doi.org/10.3390/membranes11010062.

[249] Severing A-L, Rembe J-D, Koester V, Stuermer EK. Safety and efficacy profiles of
different commercial sodium hypochlorite/hypochlorous acid solutions
(NaCIO/HCIO): antimicrobial efficacy, cytotoxic impact and physicochemical
parameters in vitro. J Antimicrob Chemother 2019;74:365-72.
https://doi.org/10.1093/jac/dky432.

[250] Miller G, Kramer A. Biocompatibility index of antiseptic agents by parallel
assessment of antimicrobial activity and cellular cytotoxicity. ] Antimicrob
Chemother 2008;61:1281-7. https://doi.org/10.1093/jac/dkn125.

[251] Gottrup F, Apelqvist J, Bjarnsholt T, Cooper R, Moore Z, Peters E j. g., et al.
EWMA Document: Antimicrobials and Non-healing Wounds: Evidence,
controversies and suggestions. J Wound Care 2013;22:51-89.

https://doi.org/10.12968/jowc.2013.22.5up5.51.

[252] Pouget C, Dunyach-Remy C, Magnan C, Pantel A, Sotto A, Lavigne ]-P.
Polymicrobial Biofilm Organization of Staphylococcus aureus and Pseudomonas
aeruginosa in a Chronic Wound Environment. Int ] Mol Sci 2022;23:10761.
https://doi.org/10.3390/ijms231810761.

[253] Makwana O, Flockton H, Watters GP, Nisar R, Smith GA, Fields W, et al. Human
aortic endothelial cells respond to shear flow in well-plate microfluidic devices.
Altern Lab Anim 2017;45:177-90. https://doi.org/10.1177/026119291704500407.

[254] Makwana O, Smith GA, Flockton HE, Watters GP, Lowe F, Breheny D. Impact of
cigarette versus electronic cigarette aerosol conditioned media on aortic endothelial
cells in a microfluidic cardiovascular model. Sci Rep 2021;11:4747.
https://doi.org/10.1038/s41598-021-83511-7.

151



Antiseptiques et biofilm des plaies chroniques

Annexe 1: Travail associé : 1¢r auteur. Publié dans Antimicrobial Resistance and

Infection Control en 2023

Barrigah-Banissan et al. ) Antimicrobial Resistance
Antimicrobial Resistance & Infection Control (2023} 12:5 .
hitps://doi.org/10.1186/513756-023-01200-z and Infection Control

Clinical factors associated with peripherally
inserted central catheters (PICC) related
bloodstream infections: a single centre
retrospective cohort

Koko Barrigah-Benissan'?, Jerome Ory'?, Claire Simon?, Paul Loubet®*, Aurelie Martin®, Jean-Paul Beregi®,
Jean-Philippe Lavigne'”, Albert Sotto™® and Romaric Larcher*s®

L
Check for
updates |

Abstract

Background Despite their spread in daily practice, few data is available on clinical factors associated with peripher-
ally inserted central catheter (PICC)-related bloodstream infections (PR-BSI). We aimed to assess the PR-BSI incidence,
microbiclogy, and factors associated with PR-BSI with a focus on clinical symptoms.

Methods We conducted a retrospective cohort study in a French university hospital. We screened all PICC insertions
performed from April 1st, 2018, to April 1st, 2019, and included PICC insertions in adult patients. We assessad the PR-
BSl incidence, the factors associated with PR-BSI using a Cox model, and negative and positive predictive values (NPVs
and PPVs) of each clinical sign for PR-BSIL

Results Of the 901 PICCs inserted in 783 patients (38320 catheters days), 214 PICCs (24%) presented with a compli-
cation. The most prevalent complication was PR-BSI (1.9 per 1000 catheter days; 8.1% of inserted PICCs ). Enterobac-
terales (N =27, 37%) and coagulase negative Staphylococci (N =24, 33%), were the main microorganisms responsible
for PR-B5I. Factors independently associated with occurrence of PR-BSI were fever (hazard ratio 13.21, 95% confidence
interval 6.00-29.11, p<0.001) and chills (HR 3.66, 95%(C] 1.92-6.99, p <0.001). All clinical signs and a duration of PICC
maintenance = 28 days, had a low PPVs (< 67.1%) but high NPVs (= 92.5%) for PR-B5I.

Conclusions Monitoring of clinical signs, especially fever and chills, with caution and limitation of device mainte-
nance duration, could improve PICC management.
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Background

Since their introduction in late 1970s [1], peripherally
inserted central catheters (PICC, also known as PICC-
line) widely spread in daily practice. They are indicated
for intermediate-term venous access (7 days to 6 months)
for some concrete indications as irritant or vesicant infu-
sions (total parenteral nutrition or chemotherapy), diffi-
cult venous access and prolonged antimicrobial therapies
[2]. PICC insertion occurs through a peripheral upper
arm vein, avoiding iatrogenic complications and ensuring
a safe and easy removal compared to other central venous
catheters (CVCs) which they partially replaced [3].
Despite some advantages, mechanical complications as
occlusion, accidental withdrawal [4], deep venous throm-
bosis [5], and catheter-related bloodstream infections
(CR-BSls) [6, 7] were reported during PICC use. Rates
of PICC-related bloodstream infections (PR-BSIs) com-
pared to other CVCs infections has been a controversial
and disputed subject. Now PR-BSI rates are recognized
similar to those of conventional CVCs [8, 9]. Nonethe-
less, in a recent national public health survey in France,
one quarter of the 30 million of catheters implanted
every year presented with a CR-BSL. Among these infec-
tions, 16.8% were related to a PICC, making PR-BSI the
most important and preventable PICC-related complica-
tion [10-12].

Whilst abundant literature is available on PICC
related complications, PR-BSI risk factors are still poorly
assessed [13]. Published data remains scarce [9, 13-18],
particularly for medical ward inpatients and outpatients,
since most of the data focuses on intensive care unit
(1cu) [19].

A study aiming to assess PICC-related complica-
tion incidence, with a highlight on PR-BSI, to describe
the microorganisms involved and to assess risk factors
associated with PR-BSI with a focus on clinical signs, is
lacking.

Methods

Study aim, design and settings

This study aims to assess PICC-related complication inci-
dence, particularly the PR-BSI incidence and to describe
the microorganisms involved and risk factors associated
with PR-BSI with a focus on clinical signs in patients
from a tertiary hospital.

We conducted a retrospective, single centre, observa-
tional cohort study in Nimes University Hospital, from
April 1st, 2018, to April 1st, 2019. In the medical imaging
department of this 2094-beds University Hospital, single
or double lumen PICC {Bard Access Systems, Salt Lake
City, UT, USA) ultrasonography guided insertions are
performed on inpatients and outpatients 5 days a week.
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Each PICC insertion request is forwarded to, registered,
and validated or not by the Pharmacy Department. PICC
insertion is performed in aseptic conditions according
to the French Society of Infection Control (SF2ZH) guide-
lines [20]. After insertion, PICC position is verified with
a chest X-ray and adjusted if required. Normal saline is
used for preventing lumen occlusion and maintaining
PICC patency, as recommended by national and interna-
tional guidelines [2, 20].

Patients

We screened all consecutive patients with at least one
PICC placement between April 1st, 2018, and April 1st,
2019, using the pharmacy registry of PICC insertion
requests. All adult patients were included in the study.
When a patient had more than one PICC placement,
all PICC placements were considered. Patients under
18-year-old and those lost to follow-up between PICC
insertion and PICC removal were excluded.

Data collection

Patient’s demographic, clinical and biological data were
collected from the hospital electronic medical record.
Age, sex, weight, height, body mass index (BMI), medi-
cal history, reason for PICC placement, insertion date,
removal date, type of PICC, site of insertion, reason
for PICC removal, ongoing treatment (especially cor-
ticostoreids or other immunosuppressive treatments)
and vital status at PICC removal were collected. When
a bloodstream sample was diagnosed positive by the
microbiology laboratory, more information was collected
on the laboratory software (number of samples collected,
number of positive samples, central and peripheral blood
culture results, insertion site culture and catheter culture
results, lag time between central and peripheral positive
blood cultures, microorganism identification and antimi-
crobial resistance). Patients’ Charlson comorbidity index
was calculated [21]. Microorganisms resistance diagnosis
were based on the European Committee on Antimicro-
bial Susceptibility Testing (EUCAST) guidelines [22]. An
adjudication committee, made up of an infection control
specialist (J.0O.), an infectious disease physician (A.S)
and an intensivist (R.L.), analysed the medical records
to ensure the diagnosis met definition criteria of PICC-
related infections (PRI) [23]. For each case of BSI, alter-
native sources of infection were carefully checked by the
adjudication committee by reviewing the patient chart
and all microbiological culture results. In case of discrep-
ancy, diagnosis was discussed between the committee
members until a consensus was reached.
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Definitions

We defined PRI according to the French Intensive Care
Society (SRLF) guidelines [23], which are in line with
the Centers for Disease Control and Prevention (CDC)
and the European Centre for Disease Control and Pre-
vention (ECDC) guidelines [24-26].

We defined PICC colonization as a quantitative cath-
eter culture = 10° CFU/mL {according to Brun-Buisson)
without bacteraemia or clinical signs [23].

We defined non-bacteraemia PRI (NB-PRI), in the
absence of bacteraemia, as a combination of: {i) a quan-
titative catheter culture > 10° CFU/mL and (ii) (a) signs
of local infection (purulent discharge from the PICC
insertion site or tunnel infection); and/or (b) systemic
signs, with complete or partial resolution of systemic
signs of infection within 48 h after PICC removal [23].

We defined PR-BSI as an association of: (i) the occur-
rence of either bacteraemia or fungaemia during the
48-h period surrounding catheter removal (or a sus-
pected diagnosis of PRI when the PICC is not removed
immediately); (ii) and either a positive culture with the
same microorganism on one of the following samples:
insertion site culture, or catheter culture = 10° CFU/
mL or positive central and peripheral blood cultures
with the same microorganism, with a central/periph-
eral positive blood culture lag time=>2 h, with central
blood cultures being positive earlier than the peripheral
ones [23].

Statistical analysis

PICC insertion was the unit for statistical analyses.
Data are described as median and interquartile range
(IQR) or number and percentage as appropriate. We
assessed factors associated with PR-BSI using a Cox
model. Factors with a p-value=0.1 in the univari-
ate analysis were included in the multivariable analy-
sis. Results of the Cox model were reported as hazard
ratio (HR) with 95% confidence interval (95% CI}). We
plotted receiver operating characteristic (ROC) curves
for clinical signs associated with PR-BSI and for PICC
maintenance duration. We calculated the negative and
positive predictive values (NPVs, PPVs) for each clini-
cal sign, and identified the optimal cut-off value of
catheter duration for PR-BSI occurrence by maximiz-
ing the Youden index. All tests were two-sided and
p-values less than 0.05 were considered statistically sig-
nificant. We performed all analyses using R software,
version 4.2.0 (The R Foundation for Statistical Comput-
ing, Vienna, Austria).
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Results

From April 1st,2018 to April 1st,2019; amongst 1091
PICCs inserted in 952 patients, 901 PICCs inserted in
783 patients met inclusion criteria and were included in
the analysis (Fig. 1). The median follow-up was 21 days
(IQR, 9-43). More than a half of PICCs were removed
at the end of intravenous therapy (N=529; 59%), 38%
(N=1346) because of a complication and 3% (N=26)
after port implantation. The median time for PR-BSI
occurrence was 30 (IQR, 16-76).

Characteristics of the study population are presented in
Table 1. The median age for patients with a PICC inser-
tion was 70.9 vears (IQR, 59.4-79.8). The median BMI
was 24.5 |s:1|g;,n'n‘|2 (IQR, 21.2-28.9). More than a half of
patients had a peripheral vascular disease, a quarter had
a chronic heart failure and 22% a metastatic cancer. The
median Charlson comorbidity index was 6 (IQR, 3-9).

Antimicrobial therapy (N=408; 45%); chemotherapy
(N=240; 27%) and difficult venous access (N=154
17%) were the main reasons for PICC insertion. Inserted
PICCs had mostly one lumen (N=712; 79%) and were
inserted in the left basilic or brachial veins (N=470;
52%, or N=209 24%). The median PICC maintenance
duration was 21 days (IQR, 9-43) accounting for 38,320
catheter days, and PICCs were essentially removed at
the end of IV therapy (N=529; 59%). However, an acci-
dental withdrawal before the end of therapy occurred in
69 cases (7%), and PICCs were also removed immedi-
ately in case of CR-BS] suspicion (N=124; 14%) or death
(N=117; 13%). Characteristics of PICCs are summarized
in Table 1.

Around one quarter of PICCs (N=214, 24%) presented
with a complication (Table 2). The first complication
encountered was PR-BSI (NW=73, 8.1%, 1.9 per 1000 cath-
eter days). Accidental withdrawal (N=61, 6.8%, 1.6 per
1000 catheter days), vein thrombosis (N=14, 1.6% and
0.4 per 1000 catheter days), catheter occlusion (N=12,
1.3%, 0.3 per 1000 catheter days), local signs of inflam-
mation (N=4, 0.4%, 0.1 per 1000 catheter days) and NB-
PRI (N=3, 0.4%,<0.1 per 1000 catheter days) were less
frequent.

Among the microorganisms involved in PR-BSI, Enter-
obacterales were the main species (N=27, 37%), followed
by Coagulase Negative Staphylococci (CoNS) (N=24;
33%), Staphylococcus aurens (N=7; 10%), Candida spe-
cies (N=7; 10%) and non-fermenting Gram-Negative
Bacilli (N=5; 7%). Polymicrobial CR-BSI with two spe-
cies accounted for 19 cases (26%) and 5 cases (7%) were
documented with more than 2 species. Moreover, 47
PICCs presented with a colonization (6.8%, 1.2 per 1000
catheter days), predominantly due to CoNS (N=33, 70%)
and Enterobacterales (N =46, 13%).
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PICCs recorded in the department of Pharmacy
registry of Nimes University Hospitzl between
April 14,2018 to April 1+,2019
(N =1260]
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PICCs excluded from the study

(N =16%)

+ Reasons:
- PICC placement cancelled (N = 102)

PICCs inserted in 952 patients at Nimes
University Hospital between
April 14,2018 to April 1#,2019
(M =1091)

= Duplicate records (N = 67)

PICCs excluded from the study
[N =150)

Reasons:

L

= Patient lost to follow-up (N = 144)

PICCs inserted in 783 patients and
included in the study
(N =901}

= Age < 18 year-old (N = 29)
- Duplicate records (N = 17)

PICC ablation at the end of IV therapy
(N =529; 539%)

PICC ablation before the end of IV therapy:
- Accidental withdrawal (N = 61; 7%)

- PR-BSI suspicion (N = 124; 14%)

- Paositive blood culture (N = 5; 1%)

- Wein thrombaosis (N = 18; 2%)

- PICC occlusion (N = 12; 1%)

- Local inflammation (W= 9; 1%)

- Port implantation (N = 26; 3%)

PICC ablation after patient death
(M=117; 13%)

Flg. 1 Fow chart of peripherally inserted central catheters (PIC0) placement

Characteristics of the species involved in infectious
complications are listed in Table 3.

Fever and chills were the most common clinical signs in
84% and 64% of patients with PR-BSI, respectively. These
two clinical signs showed the best prediction capacity for
PR-BSI: area under the ROC curve (AUC) 0.8828, 95%CI
0.8391-0.9265 for fever and 0.808, 95%CI 0.7524-0.8636
for chills (Fig. 2). Importantly, all clinical signs, namely
pain or rash at PICC insertion site, fever, chills, or dysp-
noea had high specificity but low sensitivity for PR-BSI
detection (Table 4). Accordingly, the NPVs of clinical
signs were satisfactory, especially for fever (98.5%) and
chills (96.9%), whereas the PPV were low. The higher PPV
were 66.7% for the occurrence of a rash at PICC insertion
site and 67.1% for the occurrence of chills (Table 4).

As illustrated in the Fig. 3, the risk of PR-BSI increased
with the duration of PICC maintenance. The risk
increased mainly during the first 6 months with a prob-
ability of PR-BSI at 32.2% (95%CI 22.5-40.7) at day-180.
The AUC of PICC maintenance duration for PR-BSI
development was 0.6349, 95%CI 0.5715-0.6984 and the
optimal cut-off value of catheter day associated with PR-
BSI development was 28 days. Similar to clinical signs,
the PPV for PR-BSI development of a PICC maintenance

duration =28 days was very low at 11.2% whereas the
NPV was at 93.9%.

In the univariate analysis the variables associated with
occurrence of PR-BSI were: an history of immunosup-
pressive treatments (either corticostercids or immu-
nosuppressors, or both; HR 1.79, 95%CI 1.38-2.32,
p<0.001), an history of malignancy (solid tumour or
haematological malignancy; HR 1.68, 95%CI 1.2-2.36,
p=0.003), dementia (HR 8.25, 95%CI 1.12-61, p=0.04),
insertion of a double-lumen PICC (HR 2.24, 95%CI 1.41—
3.58, p<0.001) and occurrence of clinical signs: pain at
insertion site (HR 6.65, 95%CI 3.01-14.7, p<0.001), rash
at insertion site (HR 10.2, 95%CI 4.36-23.8, p <0.001),
fever (HR 309, 95%CI 16.5-57.7, p<0.001), chills (HR
25.6, 95%CI 15.2-43, p<0.001).

In the multivariable analysis only fever (HR 13.21,
95%CI 6.00-29.11, p <0.001) and chills (HR 3.66, 95%CI
1.92-6.99, p<0.001) were independently associated with
the occurrence of PR-BSI (Table 4).

Discussion

This retrospective cohort study reports the results of
901 PICC insertions in 783 patients accounting for
38,320 catheters days. 214 PICCs (24%) presented with
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Table 1 Characteristics of the study population and peripherally inserted central catheters (PICC)
Total (N =001) N {%) or madian No PR-BSI (N—828) N (%) or median  PR-BSI (N=73)
(IQR) N (3:) or medlan

(1QR)

Patients, N 783 3 0

Sex ratio MYF 500740 ABVIGT EFFEE

Age (yaar) 7O%(I0F, 594-798) 710 {IQR, 59.8-80.5) 6808 (IGR, 5B8-74.1)

Baody Mass Index (ka/m?)

245 (I0R, 21 2-289)

238 (0R, 207-281)

244 (IQR, 21.1-287)

Charlson comorbidity index 639 & [3-8] 7[4-10]
Main comarixdities

Corticostenids 141 (18%) 112 (16%) 29 (41%)
ImMmMunosUppressors 107 (13%) TE(11%) 23 (33%)
Solid tumowur 142 (18%) 139 (15%) 13 (19%)
Matastatic solid tumour 178 (23%) 151 (21%) 27 (38%)
Haematological malignancy 69 (994) 51 (79%) 18 (26%)
Leukasmia 46 (E%) 36 (5%) 10 (14%)
Lymphoma 23 (3%) 15 (2%) B{11%)
PICC lumen

1 lumen 712 (79%) 660 (B1%) A3 (595)
2 lumens 189 (21%) 159 (199%) 30 (41%)
Reason for PICC insertion

Antimicrobial therapy 408 (45%) 397 (48%) 11 (15%)
Chemotharapy 240 (27%) 200 (24%) 39 (53%)
Difficult venous aocess 154 (17%) 143 (17%) 171 (15%)
Totzl parenteral nutrition 52 (6%%) A4 (5%) B(119%)
Iterative venous access 47 (5%) 43 (5%) 4 (5%)
Insertion site

Laft basilic vein 470 (52%) 436 (53%) 34 (47%)
Right basilic vain 135 (15%) 124 (15%) 11 (15%:)
Laft brachial vain 209 (24%) 189 (Z2%) 27 (295%)
Fight brachial vein 72 (B%) &7 (%) 5 (%)
Laft cophalic wain 12 (194 10(1%:) 2(3%)
Fight cephalic 1< 1%) (< 1%) 0 {0%)
Femioral 1(<1%) 1« 1%} 0 (0%)
FICC maintenamce (days) 21 (IQR, 9-43] 20(1QR, 5-41] 30(IQR, 16-76)
Reasan for PICC removal

End of IV therapy 529 (55%) 579 (B4%) 0 (0%)
Accidental withdrawal 61 (7%) 60 (7%) 1{1%)
PR-BSI suspicion 124 (14%) 62 (7%) 62 (B5%)
Positive blood culture 5 (1% 2{<1%) 3 [4%)
Vein thrombosis 18 (2%) 17 (2% 1{<1%)
PICC occlusion 12{1%) 11(1%) 1({<1%)
Lol inflammation 9{1%) B{1%) (<1%)
Part implantation 26 (294) 25 (3%) (<1%)
Death 117 (13%) 114 (14%) 3 [4%)

B35 Bloodstream infection, COPD Chronic obstructive pulmonary disease, IOR Interquartile range, PR-BS| PICC related bloodstream infection, [l Intravenous

a complication, mainly a PR-BSI (N=73, 8.1%) with a  highlighted the importance of clinical signs fo PR-BSI

1.9 per 1000 catheter days incidence rate. Enterobac-  monitoring, reporting fever and chills as factors indepen-

terales (N=27, 37%) and CoNS (N=24, 33%) were the dently associated with PR-BSI occurrence.

main microorganisms involved in PR-BSI. Moreover, we Ower the last decade, PICC use increased in hospitals
[27], particularly in university hospitals [10]. PR-BSls
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Table 2 Type, rate and incidence of peripherally inserted central
catheters (PICC) complications

Complications Number  Rates (%)  Incldence [per
of PICC 1000 catheter
days)
PR-BSI 73 21 19
Accidental withdrawal &1 6B 14
PICC colonization 47 52 12
Vein thrombaosis 14 16 04
(Catheter ooclusion 12 12 03
Lol inflammation 4 04 01
WBE-PRI 3 03 <01

PR-B5! PICC related bloodstream infection, MB-PRf Non bacteraemia PICC related
infection

also increased at the same time [10, 28, 29]. One impor-
tant finding of this study was the 1.9 per 1000 catheter
days incidence rate of PR-BSI, which was in line with
the median 2.1 per 1000 catheter days incidence rate
reported in meta-analyses of international studies [9,
30, 31]. Previous studies found various incidence rates
ranging from 0.6 to 3.3 per 1000 catheter days [4, 16-18,
32]. Importantly, differences in PR-BSI incidence may be
related to the time period of the studies and differences in
catheter-related infection definitions across these stud-
ies [16]. Moreover, several definitions used in numerous

[2023) 12:5
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studies were reported unsuitable for research [33]. None-
theless, we must acknowledge the PR-BSI incidence rate
found in this study was above the 1 per 1000 catheter
days threshold target for CR-BSI prevention intervention
suggested by infection control experts [12]. In this global
context, CVCs and particularly PICC were pointed as
priorities for infection prevention measures [28]. Multi-
modal process for better CR-BSI prevention and control
including practice change based on knowledge, educa-
tion, and behavioural interventions in our hospital are
encouraged [12]. Recent guidelines [34] suggested, prac-
tical healthcare workers team education and training,
promoted by a multidisciplinary team with checklists,
continuous improvement programs and bundles imple-
mentation [35].

Another significant finding of this work was the impor-
tance of clinical monitoring of PR-BSL Indeed, this study
identified a strong correlation between clinical signs such
as fever and chills, and PR-BSI. Most importantly, clini-
cal signs showed high specificity and NPV but unsatisfac-
tory sensibility and PPV. The absence of clinicals signs is
therefore significantly indicative of the absence of PR-BSI
as suggested by others in ICU settings [36]. Amongst
clinical signs, fever and chills have the best NPVs. Fever
was previously reported as indicative of CR-BSI along
with other infection signs [37, 38]. In line with previous
studies [39—41], we reported that prolonged duration of

Table 3 Species involved in infectious complications of peripherally inserted central catheter (PICC)

Specles PR-BSI [N, %) PICC colonization (N, %) Total (N, %)
(Gram positive coccd

Coagulase Negative Staphylococd 24(33%) 33 (70R8) 57 (45%)
Linezolid resistant 2 (3%} 0 {09%) 2(2%)
StaphyloCnCous QureLs 7 (109%) 1(2%) 8 (7%)
MRSA 5 (7%} 0 {0%) 5 (4%)
Enterococous spp 2 (3%} 1(2%) J(25%)
SHEpOCOCoUs 5o 1(1%) 0 (0%) 1(1%)
(Gram negative bacill

Entercbacterales 27 3T%) & (13%) 13 (28%)
IGER 28 (35%) 0 [0%) 2B (23%)
ESBL 10 {14%) 0 (096) 10 (5%)
AMPC 16 {(23%) 0 {0%) 16(13%)
CRE T{10%) 0 [0%) 7 (6%)
Mon-farmentars 5 (7%) 3 (6%) 8 (7%)
Pip-Taz resistant P geruginosa 2 (3%} 0 (0%) 2(2%)
Ceftaridime resistant P geruginosa 1 (1%} 0 (09%6) 1(1%)
R R geruginosa 1 (1%} 0 {0%6) 1(1%)
Candida spp. 7(10%) 3 (6%) 17 (5%)
Total 73 47 120

CR Carbapenem resistant, CRE Carbapenem resistant Enterobacterales, ESBL Extended spectrum beta-lactamase, MRSA Methicillin resistant Staphylococcus qureus,
Pip-Taz Piperacillin-tazobactam, PR-B5) PICC related bloodstream infection, 3GCR 3™ genaration cephalosporin resistance
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Fig. 2 Receiver operating characteristics (ROC) curves for
peripherally inserted central catheter (PICC)-asscciated bloodstream
infection on the basis of the number of cathater days (red line)

and clinical signs such as pain (blue dashed ling), rash at the PICC
insertion site (green pointed ling), fever (orange dashed line), chills
{purple dashed line), dyspnea (black dashed line). Area under the ROC
curves (AUCS) are given with the 95% confidence intenval (95% C1)

catheterization increased the risk for PR-BSI (see sup-
plementary materials). However, our work underlined
the poor ability of PICC maintenance duration to predict
PR-BSL Indeed, the threshold value of 28 catheter days

[2023) 12:5
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was associated with very low PPV but satisfactory NPV
for PR-BSI, as previously reported [42]. These results sug-
gest a close clinical signs monitoring could rapidly help
diagnose and treat PR-BSI particularly in patient with a
prolonged PICC dwelling time. These results also sup-
ports the recent recommendation of catheter duration
limitation to the shortest requested to limit PR-BSI [34].
Available data also suggests that clinicians should limit
the number of catheter lumen [9, 14, 43] and concurrent
catheter [34].

Immunocompromised patients, particularly those
treated with immunosuppressive treatments and/or with
metastatic cancer have been identified at risk for PR-BSL
Immunosuppression, particularly neutropenia, was pre-
viously reported as risk factor for PR-BSI [40, 44-47],
prompting clinicians to monitor PICC in immunocom-
promised patients with caution. Surprisingly, those
patients did not seem at higher risk for PR-BSI in our
study. During the study, a high nurse-to-patient ratio in
haematology and oncology wards, local guidelines, and
specific courses on PICC use for nurses were available
in our institution. This may have impacted the guality of
PICC care which has been widely reported to decrease
PR-BSI incidence rate [34].

Previous studies on PR-BSI microbiology reported
CoMNS as the predominant microorganisms [11, 13, 39,
48]. Wonetheless, recent evidences [48-51] suggested
a change in this trend with the rising of Gram negative
bacilli as main microorganisms associated with PR-BSL
With a majority of PR-BSI related to Enterobacterales
(37%), the results of our study tend to support the later.

Table 4 Factors independently associated with peripherally inserted central catheters (PICC) related bloodstream infection (PR-B3I),

and predictive values of clinical signs for PR-BSI

Multlvarlate analysls Diagnostic abliity of clinlcal signs
Varlables Hazard ratio 95% C1 p-value Sansitivity Spedficity PPV NPV
Fatient conditions
Immunosuppr. therapy’ 107 0B0-143 053 - - - -
Malignancy? 1.08 0E7-1.75 075 - - - -
Dementia 1562 018-1458 057 - - - -
(linical signs
Local signs
Pain 055 017-181 033 6% GaT% 35.8% 92.5%
Rash 282 082-959 010 B3% 005% 66.7% 9250
Systernic signs
Faver 1321 £00-29.11 < 0u001 B36% 03.0% 51.3% GB.50%
Chills 3156 152-699 <0001 £4.4% 07 1% 67.1% 05,006
Dyspnoea 1.24 053-294 052 120% 004% 4.3% 93.0%
PICC duration > 28 days - - - 53.4% 62.3% 11.2% 93,006

! at least one of the following: corticostercids, azathioprine, mycophenolate mophetil, tacrolimus, cidlosporin. *solid tumour or haemataological malignancy. PPV
Positive predictive Valus, NFI Megative Predictive Value, 95% C1 95%confidence interval
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Fig. 2 Inddence of paripherally inserted cantral cathetars (PICC)
related bloodstream infection during PICC maintenance {in days)
with 95% confidence interval

Yet, ColNS are still significantly associated with PR-BSI
(33%) and responsible for most of PICC colonisations.
The large proportion of immunocompromised patients
in our cohort {almost a half of patients had a haemato-
logical malignancy or a cancer, and more than two thirds
of patients with a PR-B5SI), may explain the high preva-
lence of Enterobacterales associated PR-BSls since these
patients are most at risk to be infected with their own
Enterobacterales [52]. Another possible explanation for
these results was the inclusion of patients in home-hos-
pitalization. This finding has important implications for
the implementation of infection control bundle in PR-BSI
prevention, especially regarding hand disinfection and
skin antisepsis during PICC care and dressing manage-
ment [12, 35].

This study also reported low rates of PICC related
complications other than PR-BSL. We found an acci-
dental withdrawal incidence rate of 1.6 per 1000 cath-
eter days (N=61, 6.8%), lower than those reported by
Valbousquet et al. (2.8 per 1000 catheter days) [17] and
Grau et al. 8.0% [16]. However, others found lower rates
at 2.4% [4] and 5% [18], respectively, but reported rates
instead of incidence which limited comparison with our
results. Importantly, accidental withdrawal was identi-
fied as a common complication in PICC use especially
in patients older than 70 year-old, which is the median
age in our study population [16, 53]. We reported a vein
thrombosis incidence rate at 0.4 per 1000 catheter days,
also lower than those previously reported [19, 53, 54].
PICCs are described as more thrombogenic than CVCs
[19, 55], particularly in cephalic vein position [56]. Con-
sequently, PICC were mainly inserted in basilic, or bra-
chial vein as recommended in our local protocol. In
addition, more than a third (27%) of the patients received

(2023) 125

Page B of 11

an anticoagulant therapy. This may have limited the inci-
dence rate of thrombosis in our cohort.

This study has several limitations. First, the single cen-
tre design of the study could limit extrapolation of the
results. Second, the relatively small size of our cohort
limited the weight of some factors such as BMI= 40 kg/
m?, number of lumen or total parenteral nutrition which
are recognized at risk factors for CR-BSI [40, 57]. How-
ever, to the best of our knowledge, this study is the first
to analyse the association between clinical signs and PR-
BSL. Third, the retrospective design of the study limits
our analyses to available data in medical records and may
induce bias in data collection and results interpretation.
Some risk factors such as the microbial colonization at
the catheter hub and at insertion site, or the outpatient/
inpatient status, could not be assessed. However, com-
bining medical, microbiclogical, and administrative data,
added to the adjudication committee for PR-BSI diag-
nosis in accordance with international expert consensus
tends to limit this bias.

Conclusions

Complications occurred in 24% of PICC, and PR-BSI was
the most prevalent one with a 1.9 per 1000 catheter days
incidence rate. PR-BSIs were mainly caused by Entero-
bacterales and CoNS. Clinical signs and PICC mainte-
nance duration > 28 catheter days, had better NPVs than
PPVs for PR-BSI diagnosis. Fever and chills had the best
NPV and were independently associated with PR-BSI
oCCurrence.

These results suggest that health workers should cau-
tiously monitor PICC insertion site, and especially fever
and chills, and limit the duration of PICC maintenance
to the minimum required. They also prompt patients to
self-monitoring. Further studies are mandatory to assess
whether improving patients and healthcare workers edu-
cation on PICC management through the development
of an infection prevention bundle and continuous evalua-
tion could reduce PR-BSI under 1 per 1000 catheter days.

Abbreviations
ALC Area under the ROC curve

EMI Body mass index
oC Centers for disease control and prevention
CaNs Coagulase negative staphylocooci

R Carbapenem resistant

CRE Carbapenem resistant enterobacterales
CR-BSI Catheter-related bloodstream infections
C Central venous catheters

BT European centre for disease contral and prevention

ESEL Extended spectrum beta-lactamase

EUCAST  Eurcpean committes on antimicrobial susceptibility testing
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ICR Interquartile range
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Background: Transmizsion of severe acute respiratory syndrome coronavirus-2 (S4RS-CoV-
2) can ocour through direct, indirect, or close contact with infected people. However, the
extent of environmental contamination & unknown. The nature of the relation between
patients" symptoms and SARS-CoV-2 emvimnmental shedding remains unclear. The aim of
this study was to aszess the relationship between patient coronavirus deease 201% (COVID-
1%) status and environmental contamination.
Methods: Between May and Movember 2020, environmental swabs were taken before and
after room disinfection at day 7 after symptom onset in a cohort of patients clinically or
biologically diagnosed with COWID-19. Twelve surfaces per room were collected in 13
rooms. Sample analysis was performed by reverse transoription polymerase chain reaction
(RTPLR) for SARS-CoV-2 detecton [SARS-CoV-2 R-Gene (biomeriew:, Marcy I'Etoile,
France)]. Clinical data (day of illness, symptoms, RTPCR results) was clliected from the
dinical software.
Results: Five medical units were included in the study. Of 156 samples collected in 13
rmoms, five rooms (38.5%) presented 11 SARS-CoV-2-positive samples. These positive
samples were detected on eight different surfaces. There was no association betwesn
detection of SARS-CoV-2 and patient age (P=1) or patient symptoms (P=0.3).
Condusion: Viral shedding during COVID-19 appears to be unrelated to the presence of
symptoms, patient age, and low-value cycle threshold of patient’s test. This study sup-
ports the evidence for the environmental shedding of SARS-CoV-2 until at least 7 days after
symptom omnset. t emphasizes the need for strict compliance with contact precautions,
hand hygiene, the correct use of personal protective equipment and room disinfection far
the routine care of patients with COVID-19.
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Introduction

Since late 2019, the emergence of severe acute
respiratory syndrome coronavirus-2 (5ARS-CoV-2) has led to
a severe respiratory infection named coronavirus disease

https:/ idol.org/ 10,1016/ §. hin 2022 07 029
9564701/ @ 2022 The Healthcare infection Society. Published by Elevier Ltd. All rights reserved.
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2019 {COVID-19) that spread rapidly into a global outbreak
and pandemic. The underlying mechanisms of wviral
transmission in healthcare environments remain unclear.
Transmission of SARS-CoV-2 can occur through direct, indi-
rect, or close contact (within 1 m) with infected people [1].
However, direct or close human-to-human contact with
infected secretions (e.g. saliva, respiratory droplets) are the
main transmission routes [1]. Therefore, droplet and contact
isolation precautions are the key recommended precautions
for COVID-19 patient care [1]. Other routes of transmission
are suspected, such as ocular route [2], faecal oral route [3],
airborne, or fomite transmission [4—6]. However, for fomite
transmission, the extent of environmental contamination
remains unclear. Several studies have described the persis-
tence of SARS-CoV-2 and its viability on surfaces [4-10].
Infectious SARS-CoV-2 has been found on different environ-
mental contaminated surfaces for periods ranging from an
hour to days [1]. Numerous studies have described the
analysis of surfaces and hospital rooms for the detection of
SARS-CoV-2 virus [11]. Yet most failed to address the nature
of the relation between patient COVID-19 status and the
SARS-CoV-2 environmental shedding [11]. This information is
critical for understanding SARS-CoV-2 transmission and
developing effective infection control procedures.

The aim of this study was to assess the relationship between
patient COVID-19 status and environmental contamination.

Methods

This retrospective, monocentric study was approved by the
local institutional review board (IRB number: 22.03.05). From
May to MNovemnber 2020, environmental samplings were per-
formed in different units at Mimes University Hospital (France)
in rooms according to two inclusion criteria: (1) The presence
of a patient with clinically or biologically diagnosed COVID-19.
The COVID-19 diagnosis occurred between symptom onset (Day
1) and environmental sampling (Day 7). The clinical diagnosis of
COVID-19 was based on French Health Society guidelines
[12,13] and established by medical doctors. The diagnosis was
orientated by the presence of at least one of the following
symptoms (fever, persistent cough, fatigue, rhinitis, dyspnoea,
headache, nausea, disorientation, oxygen dependence, myal-
gia, shortness of breath, diarrhoea, abdominal pain, chest
pain, sore throat, anosmia or ageusia) and confirmed with
chest scan results. The biological diagnosis of COVID-19 was
established by reverse transcription polymerase chain reaction

Symptom
onset

J

({RT-PCR) performed on nasopharyngeal swabs. {2) The patient
in the sampled room was at Day 7 after COVID-19 symptom
onset {Day 1).

The methodology timeline from symptoms onset (Day 1) to
environmental sampling (Day 7) is represented in Figure 1.

Clinical information was collected from the hospital clinical
data software: date of onset of symptoms, clinical pre-
sentation, patient clinical status at the sampling day, hospi-
talization date and, when available, patient’s RT-PCR date and
cycle threshold (Ct) values. The delay between diagnosis and
environmental sampling was estimated in days.

Environmental sampling was performed before room dis-
infection. Each sampled room was occupied by patient at least
24 h prior to disinfection. Following the local health institute
recommendations during the pandemic, room disinfection was
performed each day by detergent disinfectant, with virucide
activity (European Norm 14 476+A2) according to the French
infection control society guidelines [14]. To confirm the effi-
ciency of the local disinfectant, a set of rooms were sampled
after room disinfection.

Twelve surfaceswere sampled in each room in the presence
of patients. The close surfaces sampled were: nurse call con-
troller, bedside rail or bed lifting bar, telephone or television
remote, overbed table; and the remote surfaces sampled
were: bathroom doorknob, bathroom sink, toilet seat, door-
knob, air vent, bathroom sink tap and toilet button. These
surfaces are among the most touched surfaces by both patients
and health workers. Sampling was performed by dry sterile
swabs (GongDong, bioMérieux, Marcy |'Etoile, France) covering
the whole surface of the different selected points of sampling.
After sampling, swabs were dipped in viral transport medium
{MicroTest M4RT, Thermo Scientific, Waltham, MA, USA) and
vigorously agitated. The medium was immediately transported
to the Department of Virology within a 30-min timelapse and
stored at 4 °C.

SARS-CoV-2 was guantified from RNA extracted from each
clinical and environmental sample using an automated
nucleic acid extraction system (Chemagic, PerkinElmer,
Waltham, MA, USA). Samples were analysed using RT-PCR
(ARGEME SARS-CoV-2 R-Gene, bioMérieux) with a maximum
Ct of 40 targeting three viral genes: the N gene of the
nucleocapsid, the RNA dependent polymerase gene (RDRP)
and the E gene, which is common to all the SARS viruses.
Testing and reading were carried out following manu-
facturers’ instructions. At the time of the study, samples
were considered negative after 40 cycles of PCR without any

Environmental
sampling day

i

[ B
b
e
Ln
=3

Dny| 1

7 ) 9 10

Y
L

COVID-1% medical diagnosis
(biological or clinical)

Figure 1. Timeline of sampling environmental in room with patients clinically or biologically diagnosed with coronavirus disease 2019

(COVID-19).
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SARS-CoV-2 RMA detection. The Ct value of each gene was
recorded. The Ct value of the N gene was used as reference.
The delay between swabbing and processing (extraction and
RT-PCR) of samples was around 24 h.

Statistical association with emdronmental contamination
was analysed using Fisher's exact test. The distribution of the
Ct values of the RT-PCR tests werne analysed with a Wiloowan
rank sum test. A P-value inferior or equal to 0.05 was consid-
ered statitically significant. Statistical analyses were per-
formed using the statistical software R version 4.0.2.

Results

Thirteen mams were sampled before room disinfection in
five medicals units: infectious diseases unit (IDU, N = 5),
geriatric unit (GU, N =12), intensive careunit {ICU, N =1), lbng-
term care unit (LTCU, N= 2) and a nursing hame (NH, N=12).
Three rooms were sampled inMay 2020 during the first wave of
the pandemic, four rooms in August 2020 and six other rooms
during the second wawve in November 2020. At indusion, five
patients were diagnosed on clinical critera and eight on both
clinical and biological criteria. A total of 156 and 52 samples
were analysed, respectively, before and after room dis-
infection. Four rooms were sampled in |DU after room dis-
infection with a total of 52 analysed samples. Environmental
samples were performed an average of 5 days (2-7 days) after
nasopharyngeal test (Table 1).

Befare disinfection, five rooms (36%, 3/13) presented pos-
itive samples (Table |). Interestingly, no rooms in the ICUar HH
showed environmental 5ARS-CoV-2 contamination. Positive
environmental samples had a Ct range between 29.75 and 39.3
{Table 1). Eight samples were positive inthe immediate patient
environment [nurse call contraller (N = 2), bedside rail (N =12,
bed lifting bar (N = 1), telephone (N =2, overbed table (N =
1)] and three in patient’s remote environment [bathroom
doorknob (W=1), bathroom sink tap (N=1), toiletseat (N=1]]
(Table I, Figure ). During room sampling, 12 of 13 patients
were symptomatic. The eight patents tested by RT-PCR pre-
sented a Ct range between 20.13 and 37 .35. However, patients
in the contaminated rooms presented low Ct values between
20.13and 2B. Interestingdy, the mam {Room 1) with the highest
number of positive samples (4/12 comesponding to bedside
rail, doorknob, bed lifting bar and toilet seat) corresponded to
the only asymptomatic patient at the moment of the inclusion
(Table I). The mean delay between the patent’s nasophar-
yngeal test and environmental sampling was 4.4 days for pos-
itive rooms, and 5.5 days for negative rooms (Table [), without
significance (P=0.2E97 ). Emvironmental contaminaton showed
no significant association with patient age (P=1) or patient
symptoms (P=0.3). However, Ct values of nasal RT-PCR were
significantly lower than the Ct values of emvimnmental RT-PCR
[2B.7 vs 38.5, respectively; P=0.0074). Moreover, the patients
were significantly older in contaminated rooms than in non-
contaminated rooms imean age = B9 years vs 74; P=0.0046).

After disinfection, no room presented positive samples.

Discussion

This study evaluated the relationship between SARS-CaV-2
positivity of patients and the emvironmental contamination of
their room. We ako reported the enviranmental persistence or
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Table II
Positive environmental samples and their locations in patients’
rooms

Surfaces

Close or remote
environment (C or R)

C

Number of positive
samples

Nurse call controller
Bedside rail

Bed lifting bar
Room telephone
Overbed table
Bathroom doorknob
Bathroom sink
Toilet seat
Doorknob

Air vent

Bathroom tap
Toilet button

C
C
C
C
R
R
R
R
R
R
R
Total 8

-0 000 = = = aN=aNN

—_

Cand3R

not of SARS-CoV-2 at day 7 after clinical onset of symptoms in
13 patients diagnosed with COVID-19. Despite daily room dis-
infection, 7 days after the first COVID-19 symptoms, SARS-CoV-
2 was found in five patients’ close and remote environment
before disinfection. After disinfection, no virus was found. This
finding reinforces the need for daily disinfection during the
care of a COVID-19 patient and also the prevention of patho-
gens cross-transmission, as recommended by the French
national infection control society [14].

A review found an environmental contamination rate rang-
ing from 0 to 75% in ICU and from 0 to 61% in medical units [11].
Our study showed contamination rates in the lower part of
theses ranges, with 7% in medical units and 0% in ICU. Among
the five investigated units, three (GU, IDU and LTCU) had room

contamination whereas two (ICU and NH) did not. The dis-
infection protocol and room layout were the same in all units.
Moreover, the studied population was similar in terms of age,
symptoms and Ct values.

Our study selected patients admitted for COVID-19 at hos-
pital, and surface samples were performed 7 days after
symptom onset. Other studies have focused on different pop-
ulations (healthy asymptomatic workers, patients at a long-
term care facility or a nurse facility independently of the
time of symptom’s onset, passengers, and crewmembers of a
ship) and various viral sources (respiratory, rectal, urinary,
gastrointestinal tract/stool, blood, breast milk, semen sam-
ples, surfaces inside and outside patients’ rooms) [11]. These
other studies on environmental contamination also assessed
different surfaces and used different sampling procedures. In
some samples, sampling was made with sterile premoistened
swabs [4—8], while we used dry sterile swabs. Moreover, some
variations in the laboratory analyses procedures (e.g. extrac-
tion kits and targets of RT-PCR) could be observed. For exam-
ple, only the envelope (E) gene was detected in Zhou et al.’s
study [6], whereas we detected three genes, increasing the
sensitivity of the assay. These differences in methodology
hamper direct comparison between studies. However, all these
studies corroborated the presence of SARS-CoV-2 on room
surfaces, representing a potential source of contamination and
cross-transmission.

Interestingly, in our study, positive environmental samples
were recovered in one asymptomatic patient room at inclusion,
and negative environmental samples were recovered in eight
rooms of symptomatic patients. Moreover, no significant asso-
ciation between patient symptoms and environmental con-
tamination was noted. These conclusions have been previously
reported [5,6,9]. Thus, environmental contamination
appeared unrelated to patient symptomatology, although firm
conclusions are not possible as only one asymptomatic patient

Figure 2. Surfaces sampled in patient’s room. A, nurse call controller; B, bedside rail; C, bed lifting bar; D, telephone or television
remote; E, overbed table; F, bathroom doorknob; G, bathroom sink; H, toilet seat; |, air exhaust grill; J, bathroom sink tap; K, toilet
button. One other point (doorknob) was not pictured. In red, the positive severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2)

points. In white, the negative SARS-CoV-2 points.

166



Antiseptiques et biofilm des plaies chroniques

78 K. Barrigah-Benissan et al. / Journal of Hospital Infection 128 (2022) 7479

was included. Moreover, for symptomatic patients with envi-
ronmental contamination, the positive surfaces were mainly
located in the patient’s close environment {nurse call con-
troller, telephone, bedside rail, bed lifting bar, overbed table),
whereas no association was observed between close environ-
ment and symptoms. The infectious respiratory secretions
produced through coughing or sneezing are the main factor of
close contamination [1]. Few studies distinguished close from
remote environment when studying environmental con-
tamination. Our results support frequent room disinfection
during the hospitalization of a COVID-19 patient, particularly of
the immediate close environment or high touch-surfaces, as
suggested by the World Health Organization [15]. Wotably,
despite the significantly greater age of patients in con-
taminated rooms (mean agen= B9 years vs 74 in non-
contaminated rooms; P=0.0046), no significant association
between patient age and environmental contamination (P=1)
was observed, suggesting that age had no role in environmental
contamination, as previously reported [4,10].

All the included patients in this protocol were bedridden
and could not use the toilet In contaminated rooms, SARS-
CoV-2 virus was detected in both remote and close patient’s
environment (Figure 2). Thus, we could suggest that this
contamination resulted from: (1) hand contamination either
by the patient or the healthcare workers [16] or from the
healthcare workers' personal protective equipment (PPE)
such as gloves [17]; or (2) respiratory droplets or respiratory
aerosols from the patient [4,18]. Another interesting finding is
that bedside rail, nurse call controller and room telephone
were the most contaminated surfaces. These objects are
among the most touched surfaces by both patients and health
workers [15]. This reinforces the need for hand hygiene and
the correct use of PPE by healthcare workers [15]. This study
contributes to the recent debate regarding the duration of the
infection control precautions during the hospital care of
patients with COVID-19.

Our study has several limitations. Firstly, we did not eval-
uate the viability of the SARS-CoV-2 collected in the environ-
mental swab samples. Only viable virus can cause an infection.
Despite the detection of SARS-CoV-2 virus in the environment,
virus viability and infectivity cannot be determined by RT-PCR.
Casia et al. observed that coronaviruses’ infectivity declines in
environment with decline rates from 99% at 5 min to 83% at 3
days depending on dried or wet mucine state, while still
remaining infectious [19]. In addition, a review has highlighted
that given the difficulties in culturing infectious virus from
clinical specimens during a pandemic, using viral RNA load as a
surrogate remains plausible for generating careful clinical
hypotheses [11].

Secondly, our population size is relatively small. Never-
theless, we investigated a representative panel of units and
COVID-19-positive patients hospitalized at the time of the
study.

In conclusion, our study supports the evidence for the
environmental shedding of SARS-CoV-2 until at least 7 days
after symptoms onset. Age and patient's RT-PCR Ct values were
not significantly associated with room contamination, but the
results of this study give a hint that absence of symptoms did
not influence environmental contamination. Further studies
exploring the link between patient symptoms and environ-
mental contamination would be worthwhile. Our findings
emphasize the need for strict compliance with contact

precautions, the reinforcement of hand hygiene, the correct
use of PPE by health workers and daily disinfection even after 7
days for the routine care of COVID-19 patients, as recom-
mended by health authorities.
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Introduetion Suita 8 'apparition du Sare-Colt2, des mesuras rela-
tives aux risques dpidémiques érmengents ont & mises en place
par I"'ensemble des &tablissermants de santé, entrainant des tan-
siors d'approvisionnement en masques FFP2. Lobjectif de cette
&tude réalisée pendant la crise sanitaire était d&valuer la qualits
des meaquas FFP2 regus par le CHU de Mirmes awvamt lewr utilizs-
tion. Matériel et éthode. Ces évaluations concernant la présence
du marquage CE, la conformitéd aux nommes elatives aux appansils
de protection respiratoins (EM 142:2000+A41:2000) et |a date limite
dutilisation. En complémeant, sont réalisSs des comtréles visuals
de I'intég ritdé du conditionna ment, de la solidits des attaches st
de I"agpect du masque. Son étanchéité est dvalude parle contréls
dajustarmant [ Fit chedk) sur au moins trois testaurs ayant des mor
phologies faciales h&térogénss, complEté parun test d'ajustarmant
qualitatif | Fit test). Résultats. Les B0 masques testss respsctamt
tous les normes attendues ou des nommes &quivalentes. Sauls 15
rmasques ont 2atisfait au test d'étanchéité. Aucun masques sves une
plicsturs varticale conformea & la normme chinoise KMA5 na réussi
la test d'&tanchéité. Conclusion. L'4tanchéité des masques FFP2
doit systématiquarmeant &tra contrélés pour assunsr une protection
optimale des soignants. Les normes qualifient lea capacités de fil-
tration des masques mais pas leur Stanchéits. La prévention du
risqua de trarsmission du Sars-CoV-2 ne &= limmits pas au portdu
rmasqus, slle passs aussi parune protection oculaire, una hygiéne
des rmains adaptés, une désinfaction rdguliére des surfacss at un
remauvelleameant fréqueant de 1%air.

MOTS-CLES

Alerte sanitaire — Gestion de crise — Masque —
Equipamant de protection individual — Comtréle qualité.

Evaluation of respiratory protection devices
dunng the Covid-19 outbreak

Introdurction. The Sars-Co W2 outbresk led to the implements-
tion of measures to fight emerging epidemic risks in 2il haaith-
care faciities. This gave rise to supply pressy nes concarning FFF2
maska. This study aims to assess the quality of FFP2 masks befora
their use during the sanitary crizia. Materials and methods. This
evaluvgtion concemed the presance of CF lsbealiing, the compli-
ance with respirston protection device (RPD) standards (EN 140
2007 +A7 2003) and wse-by dates. In sddition, the integrity of
packaging, the resistance of the ties and the sppesrance of the
mesks ware il checked visually: Airtightness was Fit-Checked
with st lasst thres teatars with diffe rent facial morphologies. This
was completed by s qualitative Fit test. Resiits. All the 50 masks
testad were in agreemant with expected or equivelant standands.
Ondy 15 masks passead the sirtightness tests. All the masaks with
& wartical fold recognised by the Chinese KNS5 standard failed
the test. Conalusion. He sithcars profes sionsls showld know the
exact indications of FFPZ masks and master Fit-checking. Thasa
mesks offer optimal protection but shouwld be resernvad for spe-
cific indicetions. The prevantion of Sars-CoV.2 transmisaion i not
restrcted to the sole wesring of 2 respirstory protection dewvice.
It also includes eye protection, sdequste hend hygiene and the
regular diginfaction of hard surfacss.

FEVWORDS

Heslth werning — Crisis mansgement — Mesk —
Protective equipmeant — Ou ality control.
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Figure 1- Exemples de masques testés, issus des donations des entreprises locales, de la dotation de FEtat et du marché public:

EVALUATION DES APPAREILS DE AU CENTRE

Contexte crise sanitaire

Suite 2 I'apparition du Sars-CoV-2', des mesures da pré-
vention contre les risques épidémiques émergents ont
&té mises en place dans les établissements da santé pour
maftrisar la diffusion de ca nouveau virus [1]. La prise en
charge des patients atteints ou suspects de la Covid-19*
nécassite de disposar d'équipements de protection indi-
viduelle (EPI) pour protéger les soignants. Ces EPI sont
les masques chirurgicaux, les masques FFP23, les tabliers
en plastique, les visiéres ou lunettes de protection, les
surblouses et las gants. L'application de ces mesures
par I'ensemble des établizssements de santé a entrainé
des tensions d’approvisionnement auprés des fournis-
seurs, notamment pour les masques FFP2. Pour pallier ca
manque, des appels aux dons (particuliers et commercas)
ot des achats aupras d’autres fournisseurs que caux
engagés par appel d'offres ont &té réalisés. Par la suite,

1- Severs scute iratory sy frus 2,
virus 2 du syndrome respiratoire aigu sévére.
2-Co s i 2019, maladie & irus 2019,

3- Filtering facepiece, « pios faciale filtrante » de classe 2.

2 plicature verticale, 2 plis et en forme de coquille.

Masque & plicature verticale

Masque forme coquille

DE NIMES LORS DE L'EPIDEM E DE COVID-19

les approvisionnements ont &té coordonnés par I'Etat.
La diversité des masques FFP2 recus a I'hépital nous a
imposé de vérifier leur conformité aux nomes attendues,
ainsi que leur &tanchéité selon I'avis de la Société fran-
caise d'hygiéne hospitalidre (SF2H) [2). Catte étanchéité
a &6 vérifide par le contrdle de I'ajustement (Fit check)
ot un test qualitatif (Fit tast) [3]. Lobjectif de catta étude
ost d'éwaluer la qualité des appareils de protection respi
ratoire (APR) avant leur utilisation lors de la crise sanitaira.

Matériel et méthode

Cette étude a 6té réalisée au centre hospitalier uni-
versitaire de Nimes de mai 2020 a février 2021. Elle a
consisté 3 taster 'ensemble des masques FFP2 obtenus
par divers moyens d'approvisionnement. Ces masques
étaientissus de donations des entreprises locales, da la
dotation de |'Etat et du marché public (Figure 1).

Vérification de la conformité des masques

Das réception 2 la plateforme logistique et avant la déli-
vrance aux servicas de soin, des vérifications sont réa-
liséas sur la présenca du marquage CE, la conformité 2

Masque pliable
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EVALUATION DES AFPAREILS DE PROTECTION REEFIRATOIRE AL CENTRE HOZFITALIER UMIVEREITAIRE DE NIMEE LORS DE LEFIDEMIE DE COVID-10

la norme relative awx appareils de pratection respiratcire
(EM 149:2001 +A1:2009) et la data limite d'utilisation [4].
Salon |"avis du ministére du Travail, les masgques pauvent
&tre utilizéz 24 mois apréz la date de péremption. Pour
chaque référance regue, des contrdlas visuels da I'in-
tégrité du conditionnemeant et da I"aspect du masque
santréalisés, at la solidité des édlstiques et da s barmats
nasala da maintien est warifiga.

Vérification de létanchéité des masques

Lé&tanchéits das APR est évaluéa par ke test d'ajustament
Fit chack [2] sur au minimurn trois parsonnas. Lobjectif
est de sdlectionner la modéle et la taille qui parmettent
d'obtanir una dtanchéité optimale qualle qua 2ait 1a Mok
phologia duvisage. En raizon de la pénuria de mazques,
une grande réactivité est nécassaire et les tastaurs sont
choisis de maniéra aléatoire pammi las parsonnes pré-
santes dans le sarvice |e jour da 'essai. Le périrétra cra-
nien de chaqua testaur est mesuré ot classé selon trois
taillas : petita (inférieur 3 55 cmi, moyenne (entra 55 cm
et 58 cm) et grande (supérisur 3 58 cm). Les porteurs
de barbe de trois jours ot plus 2ont exclus de I'étuds. Le
caontrdle d'étanchéite (Fif checkl sa déroule en six étapes
{Figure 2): placer la masque sur la visaga en intégrant
nez, bouche at menton ;| placar corractemneant las dlas-
tiquas salon le type da masgue {un au-dessus et un an
dessous des oreillas, ou autour des oreilles) ; gjustarle
masque sur le nez en pingant ke bamette nasale; ajusterle
rmasqua sous le manton jusqu'a la bass du cou; obturer
la surface filtranta avec les mains ; inspirer et blogquer sa
respiration guelques secondes et axpirer. Sil'étanchéits
est bonne, la mazque tand 4 22 plaquer légérament sur
le vizage et sa maintient plagué jusgu'a l'expiration ; dans
la cas contraire, le masque doit &tre réajusté ot I'essai
ranouveld. 5il'étanchéité du masgus est corfirméde, un
test complémentaire d'ajusternent qualitatif Fit test ast
réaliz4 [2], dont |a principe repasa sur 'absenca de détec-
tion de I'odeur et de la saveur sucrée (saccharine FT-10)
dans une chambre d'inhalation. &vant chaque essai, le
tazteur place sa téta, san2 rmasque, dans une chambra

Figure 2 - Las six étapes du contrdle d"&tanchéité At check

d'isolation jusqu'aux épaules. La nébulization d'una sclu-
tion de saccharine parmnet de contrdler 2a sansibilitd au
golt sucré, Un ringage de la bouche est ensuite réalizé,
suivi d'un temps d'attenta de qualques minutes. Lexpd-
rienca eat renouvelée aves la testeur éguips du masqua
dans les six situations suivantes : respiration normeale,
respiration profonde, lacture & voix hauta ou chant, incli-
naison da latéte de gauche 4 droite avac une pause inter
rmédiaire pourinhalation, inclinaison da la téte da haut an
bas et inverzarmeant avec inhalation an position haute. Sile
testeur détecta un golt ouune odeur sucréa, la test est
stoppé, un repositionnarmsent du masgue est dermandé,
puis un second tast est réalisé. Le masque ast consi-
déré conforrme 2'l v a absancs de détection d'odeur at
de aveur sucrée dans les six positions.

Résultats

La totalité des masquas possédait la norme CE et la
norme EM 149 ou una namne dquivalanta [5]. Las non-
conformités de plusiours référencas taient liées & una
fragilité des élastiques et 4 une date limite d'utilization
dépazsde depuis plus da 24 mois [4]. Au total, 50 réfé-
rencas de masques ont &té évaludes par 202 testz sur
des parsonnes représantant les trois tailles de périmétra
cranien (Tableau I). Le périmétra crinien moyan tait
de 55,9 cm (&cart typa: 1,76 [63-575]). Saules 15 réfs-
rences de masquas (30%) ont satisfait au test d'étan-
chéité complet. La conformité de cas masques était ras-
pectivermant de 28 57% (n=10/35, 3710% (n=46M124) st
36,7% (n=182/49) pour les périmétras criniens de patita,
moyanne at grande taille. Aucun masque avec une pli-
catura verticale conforme & la norma chinoise KN95
(Figure 3) n'a été walidé par le premier contrile d'&tan-
chigité (Fit check].

Discussion

L'érnerganca rapida de la Covid-19 4 I'échells mondiala,
début 2020, 3 eu un impact considérable sur las appro-
visionnameants en EPl indispensables i la maitrisa du
risque infectioux. 5ans connaizsance précise du mode

Source : Réseau de prévention des infections essccides aux soins. Information pour les professionnels de santé en médco-social &
soirs de ville. Bordeaux, 2020. 2 p. Accessble &: https fwwnw preventioninfection. frf?jet_download= 10808 (Conswits s 15-06-202 7).

HYGIENES - 2027 - WOLUME XMIX - N3

2n




Antiseptiques et biofilm des plaies chroniques

EVALUATION DES APPAREILS DE PROTECTION RESPIRATOIRE & CENTRE HOSPITALIER UNIWERSITAIRE DE NIMES LORS DE U'EPICE W E DE COVID-12

Tableau | - Résultats des tests d'étanchéité de 50 références de masques.

Masques

tostés

D m @O AW k=

e e

HEHE

W W kR
R = O g om

4B HEH

Bofs fa b W
a2 B @ o

E&EEE

L2584

EM142:2001
EM145:2001
EM142:2001
EM 14902001 +A1:2009

EM 1422001 +A1:2009
KMas

EM 1422001 +A1:2009
EM 149:2001

KMas

KMas

EN 148:2001

EN 149:2009

KMas

KMas

EM 142:2001 +A1:2009
EM 142:2009

KMas

EM 142:2001 +A1:2009
EN 149:2001 +A1:2009
KMas

KMas

MR

KMas

EM 149:2009

KMas

KMas

EM 1422001 +A1:2009
KMas

EM 149:2001

EM 142:2009

EM 149+A1 2008

EN 149:2001 +A1:2009
EN 149+A1:2008

EN 149:2001 +A1:2009
EM 1422001 +A1:2009
EN 149:2001 +A1:2009
KMas

nan

aui

nan
nan
nan
nan

non
aui
aui
aui
aui
aui
nan

nan

Résultat de Métanchéité selon I'évaluateur

non
non
non
non
non

non

aui
non
nan
non
nan

aui
ai
ai
nan
nan

nan

nan
non
non
non

non
non
non
non

oui
aui
aui
aui
aui
nan

nan

non nen
non non
nion non
non nen
ncn non
non nen
oui oui
o aui
ran nen
rian nen
ran nen
ran non
ran non
rian nen
ol nen
ol nen
nan nen
o aui
oui non
o aui
ran aui
ran non
ran non
ol aui
ran nen
ran non
nan nen
ol aui
o nen
ran non
o aui
ol aui
nan nen
ran non
ran non
ran non
o nen
ran non
nan nen
o aui
nan nen
rion oui
o aui
oui oui
ol aui
ol aui
ran nen
rian nen
ol aui
ran non
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Figure 3 —-Masque i plicature verticale conforme
4 la norme chinoise KN95.

de transmission du virus, des précautions compléman-
tairas « air » et « contact » ont &8 recommandées parla
5F2H et la Société de pathologie infactiouse de langue
frangaize [1]. Lapplication da ces recommmandations a
entraing une surconsommation de masquas FFP2. Ces
demiars sont utilizds pour |a prise an charge de patiants
auprés desquels sont appliquées les précautions com-
plémanitaires « air », comme caux suspects ou atteints
de tubsrculose pulmeonaire, ou « gouttelettas » pourla
réalisation de gestes invasifz au niveau des voies res-
piratoires & risque d'aérosolisation (p. ex. an cas de
grippel. De nouveaux modes d'approvisionnamant en
masquas FFP2 ont &été déployss pour pallier las diffi-
cultéds rencontréas, sous forme da dons sollicités par
un appeal via las réseaux sociaux ot les radios localas,
puis de dotations par | Etat pour chaque &tablissement.
Cies nouvesux circuits d'approvisionnement ont entraing
une nouvelle organisation hospitalidre dans le cadre du
contréle des nomes et de ['utilisation de cas masgues.
L'équipe opératicnnelle d'hygiéne atesta l'ensamble des
masques regus. Malgré le marguage CE et las éguiva-
lencas revendiquées avec la norme eurcpéenna (6], las
masquas conformes 3 la norme chinoize KN25 ne sont
pas adaptés 3 toutes les meorphclogies de visages. Dol
un défaut d'&tanchéité qui ast une potantislle source
da contamination pour les profeszionnals da santé.
L'équipe de Lucas Kleinjohann et Christophe Lange [B] 2
&galement montré ce défaut d'étanchéitd de  masques
FFP2 raspactant des normes eurcpdennas ou la norme
chinoise KN95 par des tests sur plus de 40 personnes. lis
concluent gue les masques KN95 ne sont pas étanches
pour I'ensemble das testeurs. Parailleurs, I'agance fadé-
rale américaine chargée de formuler des recommandz-
tions pour la prévention des accidents du fravail et des
rmaladies professionnellss® souligne aprés de multplas

tests gu'au moins 60% das mazgues KNSE na satisfont
pas aux exigences. Ses recommandations sont détarmi-
nées, d'aprés des essais surun panel de testaurs, parla
longuaur et la largeur du visage. A corpter de juin 2021,
cas tests d'étanchéité intégraront aussila périmétre crid-
mign, en plus da la largewr et de la longusur du visage
[7]. Suite aux rézultats de notra &tude, una déclaration a
&té effectuds sur le portail naticnal du signalerment des
événements sanitaires indésirables du ministére de la
Santé® dans la rubrique des événements liés aws infec-
tions azsociées aux soins, catéoorie « Défaut da qualitd
d'un &quipament de protection individuslle Covid-19 »
pour I'ensemble des masques présentant un défaut da
conformitéd. La forme de ces masques semble pluz adap-
tés aux maorphologies de typs asiatiqua. Une dtude aan
effet montré des variations significatives de forme entre
lez visages de typas caucasien et asiatique en masurant
de multiples paramétres dont le périmétre crinien : las
crines chinois sont plus ronds que les cranes cauca-
siens, avec |'améare de la téte et la front plus plats. Les
auteurs de I'étude soulignent que cas masures anthro-
pornétriques doivent &tra prizas en compta lors de la
concaption de produits, notamment pour déteminer la
largeur at le sans de plicature des mazquas FFP2 [2].
Pami les masques conformes, plusieurs références ont
&té misas 4 disposition dans las services de soins afin
que chaque professionnel puisse disposer d'un masque
adapté 4 la morphologie de son visage [2,9]. Cepandant,
& ce jour, il n'y a pas da corrélation &tablie entre la conta-
rmination d'un soignant et ke type da masqua FFF2 porté.
Linconfort généré par le port d'un masqua FFP2 paut
conduira & des manipulations plus fréquentas voire &
un positicnnement inadéquat [10,11]. Lévolution das
connaizsancas sur l'infection par la Covid-19 a depuis
poussé les experts 3 recommander le port du masque
FFP2 uniquarnant pour la réalisation de gastes invasifs
au niveau des voies respiratoires a risque d'adrosolisa-
tion [12-15]. Ces nowvelles recommandations ont contri-
bwé & la diminution de la consommation des masques
FFP2 et & una fluidification des approvizionnements des
&tablizsements de santé.

Conclusion

Malgré les difficultés d'approvisionnement en mazgues
FFP2 lors de la crise sanitaire, leur étanchéité a &t
systématiquament contrélée pour assurar une protec-
tion optimala des soignants. & 'occasion de prochains
achats, nos tests d'étanchéité prendront en compta le
périméatra crinien, en plus de la largeur et de lalongueur
du visage. Les nomes qualifiant las capacités de filira-
tion des masques mais paz leur dtanchéitd. Avant |a dis-
tribution, une &valuation de |'étanchéité des masquas
FFF2 par un Fit check ast & réaliser systérmatiquement,

A Nstions! institute for Occupstional Safety & Heaith, Institut
national pour la sécurits &t la sants au travail.

5 Accessible &: httpsyfsignalement.social-sants.gouv frfpsio_
ihm_utilisateurs/index itmlfeccusil (Consults ls 0O-05-Z021).
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ca test facile et rapide ne nécessitant pas da matérisl
particulier. Par aillaurs, le profassionnel doit connaitre
las indications précises du port du mazque FFP2, at
rnattrizer la contrdla d'étanchéité (Fit check). Ca darniar
garantit une protection et une &tanchéité optimales at
est & réserver 4 des indications cibléss [9). La préverntion
du rizque de transmission du Sars-Cov-2 ne se limite pas

au port d'un mazque [16]. La tranzmission par contact
ne doit pazs &tre sous-astimée lors de la prise en charga
de pationts, at il doit &tre prévu une protection oculaira
[17], una hygiéne des mains [18] at une désinfaction
réguligre des surfaces par du détergent désinfectant
répondant notamment 4 la norme virucide EN 14476,
=ans oublier una aération adaptéa. |
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Annexe 4 : Liste des autres productions scientifiques

RICAI 2020 : Réunion Interdisciplinaire de Chimiothérapie Infectieuses
Communication orale sur Persistance environnementale du SARS-Cov-2 dans des

chambres de patients hospitalisés

Congres de la Société Francaise d'Hygiene Hospitaliere (SF2H) 2021: Poster sur
Evaluation des appareils de protection respiratoire au CHU de Nimes pendant

I'épidémie de Covid-19

Microbes 2022 : Congres national de la Société Francaise de microbiologie : Poster
sur Antibiofilm properties of antiseptic agents on Diabetic Foot Ulcer isolated

Pseudomonas aeruginosa biofilm

175



