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RESUMO

A maioria das bactérias ndo cresce como célulasidgis, mas em comunidades
estruturadas como organismos pseudomulticelularediofilmes, estando presentes
em praticamente todos o0s ecossistemas naturaitg@épecos. A adesao bacteriana a
superficie e subsequente formacdo de biofiime pvemmudancas metabdlicas,
fenotipicas e genotipicas que faz com que a sadieacao seja extremamente dificil.
Desta maneira, microrganismos que apresentam dimsleéade a determinados
antimicrobianos em testes laboratoriais convencsonsdo na verdade altamente
resistentes aos mesmos quando na forma de biofiBaesérias na forma de biofilmes
estdo associadas com aproximadamente 80% das Gateapédicas, ganhando
destaque naquelas relacionadas a implantes médions.o aumento da expectativa
de vida humana, maior € a necessidade de subdtitaiceparo de funcdes bioldgicas
e, portanto € estimado um aumento no nimero dege$wspitalizadas e que irdo
receber implantes biomédicos. Esses materiais, pémtiente do seu nivel de
sofisticacdo, estdo suscetiveis ao risco de ca@oa@ microbiana e infeccdo. O
presente trabalho, conduzido de forma multidisclinatilizou microrganismos
patogénicos e superficies modelo, para demonstoap de conceito com relagéo a
duas estratégias para o combate da formacao derigisfde bactérias: (i) a busca por
fitocompostos com atividade antiformacdo de biadin guiado por relatos
etnofarmacolégicos, e o0 posterior recobrimento ulgedicie polimérica com estes
compostos e, (ii) a modificacdo de propriedadesugerficies, através da técnica de
plasma idnico, para a obtencdo de superficiesdmsilgas. Assim, 45 extratos aquosos
foram obtidos de 24 plantas utilizadas na meditiadicional do bioma Caatinga. O
rastreamento de atividade antibiofime e antibaaeriinas concentracdes de 0,4 e 4,0
mg/mL) evidenciou o alto potencial antibiofilme dgtratos contreStaphylococcus
epidermidisATCC 35984 e indicou trés plantas com atividadenaarobiana para
Pseudomonas aeruginogal CC 27853. Subsequentemente, o estudo foi focado n
purificacdo dos compostos bioativos de quatro piaRityrocarpa moniliformisativa
contra S. epidermidise, Anadenanthera colubrinaCommiphora leptophloeose
Myracrodruon urundeuviaativas contrd. aeruginosaO fracionamento bioguiado e a

caracterizacdo quimica das fracbes por MALDI MS M&monstraram que 0S



compostos ativos nos quatros casos pertencem gaeclkdss taninos. Estruturas
complexas de proantocianidinas (composta principatenpor profisetinidina para.
colubrina e por prorobinetinidina par@. leptophloegs e de taninos hidrolisaveis
(constituido por unidades de acido galicoMnurundeuvaforam identificadas. Estes
taninos inibiram a formacdo de biofiime de aeruginosaatravés da acao
bacteriostatica, causando danos de membrana esexoasproliferacdo de vacuolos
bacterianos, embora a membrana de eritrécitos teiloapreservada. Com relacdo a
P. moniliformis proantocianidinas ricas em prodelfinidina (0.128/mL) foram os
compostos responsaveis pela completa inibicdo daafgio de biofilme desS.
epidermidis sem afetar a viabilidade do microrganismo. Coneonahstrado por
diversas técnicas, o0s resultados indicam que tantsuperficie bacterianaS(
epidermidi$ quanto a superficie dos materiais testados (v&rpoliestireno) séo
espontaneamente recobertos pelas proantocianidimasiando-as superficies
hidrofilicas. Através da técnica de “spin coating’superficie polimérica foi recoberta
com estas proantocianidinas, convertendo-se enmsupeficie fortemente hidrofilica.
A habilidade de prevenir a adesao $eepidermidisfoi mantida e o material se
mostrou compativel com as células epiteliais de ieaos, indicando o grande
potencial destes produtos naturais como agentesiohais de recobrimento de
superficies. No outro enfoque deste estudo, a maddo de propriedades de
superficies via descarga de plasma dos gask$, Nroduziu, de maneira rapida e
bastante efetiva, superficies de poliestireno epde impedir a adesdo de bactérias
altamente resistentes aos antimicrobianos. Atralesespectroscopia de raio X,
verificou-se que uma concentracdo de nitrogéni®,886 e a componente polar da
energia de superficie superior a 15 niJ/s#o necessarios para reduzir a adesdo de
bactérias que apresentam superficie hidrofilicanc@nterobactérias produtoras de
carbapenemase e MRSA), enquanto que cepas hidrafobexemplificadas pelS.
epidermidi3 mantiveram a capacidade de aderir e formar befl. As interacdes
respulsivas explicam os efeitos antiadesivos obtidanto no recobrimento de

superficies por proantocianidinas quanto no tratdongor plasma ionico.

Palavras-chave:adeséo, biofilme, Caatinga, extratos aquosos, danimodificacao

de superficiesStaphylococcus epidermigdiBseudomonas aeruginosa



ABSTRACT

Strategies to combat adhesion and biofilm formation of pathogenic bacteria:

phytocompounds prospecting and surface modifications aiming biomedical use

Most bacteria do not grow as individual cells, mitcommunities structured as
pseudomulticelulares organisms, or biofilms, beprgsent in virtually all natural
ecosystems and pathogens. The bacterial adhesgrfaces and subsequent biofilm
formation promotes metabolic, phenotypic and ggmotghanges, which makes their
eradication extremely difficult. Thereby, microongems that exhibit susceptibility to
antimicrobials during conventional laboratory temts in fact highly resistant to them
when in the form of biofilms. Bacteria living asolilms are associated with
approximately 80% of all medical infections, mairtlyose related to indewelling
devices. With increasing life expectancy, greatghe need for replacement and repair
biological functions and, therefore, it is estinthéa increasing number of hospitalized
people and who will receive biomedical implantswdoer, regardless of the level of
material sophistication, all of them are suscepttblthe risk of microbial colonization
and infection. This study, conducted in a multilisr way, employed pathogenic
microorganisms and surface models to demonstratefiof concept regarding two
strategies to combat bacterial biofilm formatioi):thie search for phytocompounds
having antibiofilm formation activity, guided byhetopharmacological reports, and
further the polymer surface coating with these conmals, and (ii) the modification of
surface properties, by the ionic plasma dischaeghrique to obtain anti-adhesive
surfaces. Thus, 45 aqueous extracts were obtaioedZ4 plants used in the tradicinal
medicine of the Caatinga biome. The screening dfb@afiim and antibacterial
activities (at concentrations 0.4 and 4.0 mg/mlgvetd the high antibiofilm potential
of the extracts again§taphylococcus epidermid&TCC 35984 and indicated three
plants with antimicrobial activity againd®®sseudomonas aeruginosaTCC 27853.
Subsequently, the study was focused on the puiditaf bioactive compounds from
four plants: Pityrocarpa moniliformis active againstS. epidermidis and,
Anadenanthera colubrinaCommiphora leptophloecand Myracrodruon urundeuva

active againstP. aeruginosa The bioguided fractionation and the chemical



characterization of the fractions by MALDI MS MSasted that the active compounds
in the four cases belong to the class of tanninem@ex structures of
proanthocyanidins (mainly composed profisetinidiror fA. colubrina and
prorobinetinidin forC. leptophloegs and hydrolysable tannins (consisting of gallic
acid units inM. urundeuvawere identified. These tannins inhibited biofifarmation

of P. aeruginosahrough bacteriostatic action, causing membrameag@ and excess
on the proliferation of bacterial vacuoles whilee terythrocyte membrane was
preserved. With respect Bx moniliformis proanthocyanidins riched in prodelphinidin
(0.125 mg/mL) were the compounds responsible fer dbmplete inhibition ofS.
epidermidisbiofilm formation, without affecting the viabilitpf the microorganism.
As demonstrated by various techniques, the reswisated that both surfaces, of the
bacterium §. epidermidisand of the tested materials (glass and polysgjrenere
spontaneously covered by proanthocyanidins, beaprydrophilic surfaces. Using
spin coating technique, the surface was coated tvéke proanthocyanidins, making
the surface highly hydrophilic. The ability to pest adherence &. epidermidisvas
maintained and the material proved to be compatilile mammalian epithelial cells,
indicating the potential usefulness of these natpraducts as functional agents for
coating surfaces. In another approach of this stubdg modification of surface
properties via plasma discharge usingHY gases mixtures produced, by a quickly
and effectively way, polystyrene surfaces able tevent the adhesion of bacteria
highly resistant to antibiotics. Through X-ray spescopy, it was found that a
nitrogen concentration of 8.8% and the polar corepbif surface energy greater than
15 mJ/m are needed to reduced adhesion by bacteria dkigiiitydrophilic surface
(such as Enterobacteriaceae carbapenemase-prodacidgthe MRSA), while
hydrophobic strains (exemplified 8. epidermidishad the capacity to adhere and to
form biofilms. The respulsive interactions couldpkxn the anti-adhesive effects
obtained in the coating of surfaces by proanthoicias as well as in the ionic plasma

treatments.

Keywords: adhesion, biofilm, Caatinga, extracts, tanningfface modification,

Staphylococcus epidermigiBseudomonas aeruginosa
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Infeccdes, causadas por agentes etiologicos amptameesistentes aos
antimicrobianos, representam um dos grandes dsesafioais da saude publica,
acarretando em altas taxas de morbi-mortalidadeeato no tempo de internacéao e
nos gastos do sistema de saude (MARAGAKISal, 2008; FRENCH, 2010;
NEIDELL et al, 2012; PRIMOet al, 2012). Mais recentemente, o crescente uso de
biomateriais implantaveis elevou a expectativa ida \umana no reestabelecimento
de inumeras funcgdes vitais, mas concomitantemertegerbou este problema, sendo
que as infec¢des associadas a biomateriais passasamreconhecidas como um dos
maiores problemas clinicos (BUSSCHERal, 2012). De acordo com o 6rgao norte-
americano “National Institutes of Health”, aproxmaaente 80% de todas as
infeccbes no mundo estdo associadas a biofiimesv(B®, 2003), especialmente
envolvendo dispositivos médicos (DAROUICHE, 200RYERS, 2008).

Na década de 90, a importancia dos biofilmes bactes foi destacada por
Costerton e colaboradores (1999), os quais sal@mntaque a formacdo de
comunidades sésseis bacterianas e a sua inereggemeia aos antimicrobianos
constituem a causa de muitas infecgcOes cronicasersisfentes. O complexo
mecanismo necessario para formacdo de biofiimedaaé foco de investigacéo,
havendo o envolvimento de diferentes circuitos leguos e mediadores quimicos
bastante peculiares para cada tipo e espécie laacterEntretanto, baseado em
modelos experimentais “in vitro”, a formacéo definwe classicamente constitui-se
de um processo de quatro etapas: (1) a adesaalideicélulas bacterianas a um
substrato; (2) agregacao celular e acumulacéo dtiplas camadas; (3) maturacao do
biofilme; (4) desprendimento de células do biofilpaga o estado planctdnico e inicio
de novo ciclo (COSTERTOMt al, 2005; HALL-STOODLEY e STOODLEY, 2005).
A adesao inicial bacteriana €, portanto, 0 passaciar para o complexo
desenvolvimento dos biofilmes — estilo de vida &aaho caracterizado por mudancas
metabdlicas, fenotipicas e genotipicas que os nowtiéiceis de erradicar - e um alvo

atraente para o controle dos mesmda3\(IS, 2009.

Com o objetivo de prevenir a adesdo bacterianaulsstmtos abioticos,

modificacBes nas caracteristicas do material doesti uma das abordagens mais
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promissoras. Assim, a modificacdo de propriedadsgofquimicas (rugosidade,
carga, composicao quimica, hidrofobicidade) de rdv® materiais utilizados na
fabricacdo de biomateriais, como polimeros e metatsavés de técnicas de
engenharia de superficie representam uma intetessstratégia para se alcancar
superficie antiadesivas (PONCIN-EPAILLARD e LEGEAX)Q03; BAZAKA et al,
2011). Uma segunda abordagem é a modificacdo derfEu@s com compostos
bioativos. Alguns estudos vém demostrando bondtaeis com a imobilizacdo de
moléculas antimocrobianas (HICKOK e SHAPIRO, 20E2)yetanto, com o aumento
da resisténcia bacteriana e o0 declinio no deseimehto de novos farmacos
antimicrobianos (DOUTHWAITE, 2010), a utilizacdo ntimua destes agentes €
controversa uma vez que pode induzir a pressadivselpara a resisténcia. A
modificacdo de superficies com compostos capazesipiemir a adesdo bacteriana
sem intervir no crescimento e preservar a ades@eldeas mamiferas €, portanto, de

extrema importancia.

Neste contexto, os produtos naturais, oferecem diwesidade de moléculas
bioativas estruturalmente distintas, ndo necesearite a entidade farmaco final, as
guais tém sido utilizadas como uma importante fodée agentes terapéuticos
inovadores e eficazes ao longo da histéria humaesempenhando um papel
extremamente importante na descoberta e no processaesenvolvimento de
medicamentos (NEWMAN e CRAGG , 2012). Muitas plantpor sua vez, sdo
tradicionalmente utilizadas para inibir o crescitoemicrobiano (COWAN, 1999;
RIOS e RECIO, 2005), fato que sugere uma possiy@b #&iologica e indica uma
maior tolerancia e seguranca frente a entidademicas novas para uso humano
(PATWARDHAN e VAIDYA, 2010). Estas caracteristicdemonstram o valor do
conhecimento etnofarmacolégico como ferramenta pdiracionar a busca de
compostos ativos. A Caatinga, bioma exclusivambrasileiro, possui uma rica flora
com diversas indicacbes medicinais ainda pouco stigada cientificamente
(CARTAXO et al, 2010) e, é caracterizada por se localizar em negido com baixa
pluviosidade e altas temperaturas anuais. Esteeatebéxtremo pode conduzir a uma
producdo de metabdlitos secundérios diferenciasyrecendo a biosintese de
fendlicos devido a constante exposicéo a radiagi@ao GALMEIDA et al, 2012).
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Cientes de tal problematica, o governo federal dangditais para o
desenvolvimento de novas tecnologias e para a {@omde recursos humanos dentro
da area de nanobiotecnologia. Nosso grupo enceatiualmente inserido em um
projeto da REDE NANOBIOTEC-BRASIL/CAPES. A REDE pete a interacédo de
grupos interdisciplinares, incluindo a cooperacdm @ UFPE — Recife (responsavel
pelo estudo botéanico e etnofarmacoldgico, bem camtoleta e o processamento do
material vegetal das plantas da Caatinga, que SiEados neste trabalho), com o
Laboratorio de Superficies e Interfaces Solidaslrdgituto de Fisica - UFRGS
(colaborando com o tratamento de superficies costalga de plasma idnico e a
caracterizacao fisico-quimica de supeficies, enguleg neste estudo) e com a UEA —
Manaus, o que possibilita o desenvolvimento deratvatho multidisciplinar e fornece
a oportunidade de melhor contribuicdo no entendimetas interagcdes entre

superficies fisicas e biologicas.

As analises de MALDI MS/MS foram realizadas no Miacde Pesquisa em
Produtos Naturais e Sintéticos da Faculdade decta®rrarmacéuticas de Ribeirdao

Preto, Universidade de Sao Paulo.

Nesta tese o0s resultados estdo apresentados na fdem6 manuscritos
organizados conforme as instru¢cdes dos respeqgtgnsédicos. A fim de facilitar a

leitura, as tabelas e figuras foram inseridas ri tée cada um dos manuscritos.
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Il - 1. Aspectos gerais da adesédo bacteriana e foagao de biofilmes

Diversidade metabdlica e a capacidade de adaptagiiresses ambientais
sdo caracteristicas fundamentais dos microrganisfkm®dactérias existem em dois
estados de vida basicos: como células planctoteeabém conhecidas como células
de vida livre ou como células sésseis também casdeecomo biofilmes. Acredita-se
que células planctonicas sédo importantes paraidarypoliferacdo e propagacdo dos
microrganismos para novos territorios, enquantacéslas sésseis caracterizam a
cronicidade. Biofilmes tém sido descritos em mugstemas desde que Antony van
Leeuwenhoek, em 1675, examinou “pequenos animaisSeu proprio dente, mas a
teoria geral da existéncia de biofiimes s6 foi putgada em 1978 (COSTERTO&t
al., 1978). Desde entdo, estudos tém revelado que@iandas bactérias ndo cresce
como ceélulas individuais, mas em comunidades es&dds como organismos
pseudomulticelulares, ou biofilmes, estando preser@m praticamente todos os
ecossistemas naturais e patogénicos (COSTERT&Nal, 1987; DAVEY e
O'TOOLE, 2000; LOPEZt al, 2010).

A adesao bacteriana, seja em uma superficie adidticbidtica, € o primeiro
estagio na formacdo de biofiimes e é consideradgoronesso bastante complexo.
Como regra geral, a adesdo primaria (ou adesdosie®® entre bactérias e
superficies abiodticas ocorre mediada por intera¢®so-quimicas ndo especificas,
enquanto que a adesdo a superficies bidticas € panbtada por interacdes
moleculares mediadas por ligacbes especificas o reéceptor-ligante, através de
lectinas ou adesinas (DUNNE, 2002). Considerangeréicies abidticas, foco deste
trabalho, a atracdo inicial das células bacterigrianctbnicas a superficie ocorre
aleatoriamente (por uma corrente de fluido sobra superficie através do movimento
Browniano e forga gravitacional) ou de modo dirggida quimiotaxia e motilidade
através de flagelos e pili (OTOOLE e KOLTER, 199%) estagio de adesao
reversivel é, portanto, ditado por interacdes disjgimicas ndo especificas de longo
alcance entre a bactéria e o material, incluindga® hidrodinamicas, interacdes
eletrostaticas, forcas de van der Waals e intesadddrofobicas (DUNNE, 2002;
PAVITRA e DOBLE, 2008) (Figura 1). Uma vez que qamismo e a superficie
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alcancam uma proximidade critica (em torno de 1, mngleterminacéo final de adesao
depende da soma liquida de forcas de atracdo aus@epgerada entre as duas
superficies. Estas interacdes eletrostaticas teraldavorecer a repulsdo, porque a
maioria das bactérias e superficies inertes saegaias negativamente; por outro
lado, as interacdes hidrofobicas, parecem apreseatar influéncia sobre o resultado
da adeséo primaria. A repulséo liquida entre dupsrficies pode ser superada por
interacdes do tipo ligacbes de hidrogénio ou pteratbes moleculares especificas
mediadas por adesinas, como o pili (Figura 1). Ag&vidade de ades&o primaria
depende, portanto, da soma total de todas esdaseiar mas a quimica de superficie
tende a deslocar o equilibrio em favor da adesdrawer que as substancias
organicas em solucdo irdo se concentrar perto da saoperficie e que o0s
microrganismos costumam se reunir em ambientes rego nutrientes (DUNNE,
2002). A fim de entender se a fixacdo bacterianasugerficies € regulada pelas
mesmas interacdes fisico-quimicas que determindepasicdo de particulas coloidais
inanimadas, a utilizacdo de modelos tedricos pegaep este fendmeno vém sendo
considerada (KATSIKOGIANNI e MISSIRLIS, 2004, PAVRA e DOBLE, 2008).
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Figura 1. InteracGes envolvidas na colonizacdo bacteriansugerficie abidtica (adaptada de
PASCUAL, 2002).

Ao se considerar que a superficie do material emst§o pode ser um
biomaterial e que o0 mesmo sera implantado em umedeso, a adesdo reversivel
entre a bactéria e a superficie pode ocorrer desingadireta ou atraves de um filme

condicionante (Figura 2). Este filme orgéanico possumposicao variavel, de acordo
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com o sitio de insercdo, mas € constituido pritcipate por proteinas, como
albumina, imunoglobulina, fibrinogénio e fibroneai (HERRMANN et al, 1988;
GOTTENBOSet al, 2002.; ROCHFORE2t al, 2012). Uma vez que uma superficie
esta condicionada, suas propriedades sdo permararite alteradas, de modo que a
afinidade de um microorganismo por uma superfidgiral ou condicionada pode ser
bastante diferente, explicitando a dificuldade istpopara controlar a adesao

bacteriana a superficies abidticas.

Bactérias planctonicas

Superficie

j ADESAO VIA FILME
ADESAO DIRETA CONDICIONANTE

Figura 2: Adesdo bacteriana direta (no momento ou proximontbmento da inser¢do de um
implante) e via filme condicionante (apés a inser@ implante).

Evidéncias indicam que apés a adesdo de célulaerizaas, ocorre um
aumento na producéo, liberacdo e detectacado deuhmdésinalizadoras que regulam
respostas fenotipicas de formacao de biofiime (O2S/&t al, 1998; BJARNSHOLT
e GIVSKOV, 2007; HODGKINSONet al, 2007). Conforme a densidade bacteriana
aumenta, as moléculas autoindutoras podem acumular limiar de concentracao e
induzir a transcricdo de genes especificos que lamgwarias funcbes como
motilidade, viruléncia, producdo de matriz exomasaridica (EPS) e a formacéo de
biofilmes. Este processo de comunicacdo encongadmuitas bactérias patogénicas,
gue acopla a transcricdo de genes especificos cdemsidade celular bacteriana, €
referido comoQuorum sensindQYS (WATERS et al, 2005; GONZALEZet al,
2006, RUTHERFORD e BASSLER, 2012).

A segunda etapa da adesdo bacteriana € a adesfimdéer (ou adesdo

irreversivel). Neste momento, os organismos fracéendigados a superficie
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consolidam o processo de adesdo através da prodi€d®PS, a qual pode se
complexar com materiais de superficie e/ou receptespecificos localizados no pili
ou nas fimbrias. Durante esta fase de adesao, @srganismos sdo capazes de se
ligar a células da mesma ou de diferentes espémanando agregados sobre o
substrato, os quais encontram-se firmemente ligadagperficie (STOODLE¥t al,
2002). Tipicamente, biofilmes maduros consistem ed#ruturas semelhantes a
cogumelos, envoltos pelo EPS, permeados por cdaagua. Estes canais funcionam
como um sistema circulatério de entrega de nutrgerda interface para o interior do
biofilme, e de remocdo de restos metabdlitos (DAVEYD'TOOLE, 2000; HALL-
STOODLEY et al, 2004). As bactérias por si mesmas representam fuagdo
variavel (5-35%) do total do volume do biofilme,restante do volume é de EPS
(POZO e PATEL, 2007). Sob determinadas situacoes, gxemplo, quando o
ambiente ndo se encontra mais favoravel ou aind@da@ uma programacao celular
para a viruléncia, ocorre o desprendimento de a€lplancténicas ou até de grupos de
células unidas pelo EPS podendo colonizar um noeal [(HALL-STOODLEY e
STOODLEY, 2005; BAYLES, 2007) (Figura 3).

: ' ' Biofilme maduro Liberagdo de
Células Agregados ou ; células
planctbnicas! Microcoldnias !

Inicio doQS

ADESAO REVERSIVEL ADESAO IRREVERSI VEL

Figura 3: Estagios do desenvolvimento dos biofilmes (adtiptie MACEDO E ABRAHAM, 2009).

Desta maneira, a adesdo bacteriana € um processantgacomplexo que
envolve a interacdo multifacetada de trés compeseatbactéria, a superficie (bidtica
ou abidtica) e o microambiente em que eles se &rcD(COSTERTONet al, 1999;
DAROUICHE, 2001; KATSIKOGIANNI e MISSIRLIS, 2004)Neste sentido,

existem diversas variaveis que podem influencit gocesso, ilustrados na Figura 4.
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ADESAO BACTERIANA

| MICROAMBIENTE |
pH |[ TEmMPODE || PROTEINAS/ PLAQUETAS | [ DisPoniBILIDADE || HiDRODINAMICA |[ INoCULO
EXPOSICAO || (FILME CONDICIONANTE) NUTRICIONAL BACTERIANO
| SUPERFICIE |
| RUGOSIDADE | | CARGA || HIDROFOBICIDADE | ENERGIA LIVRE DE QUIMICA E
SUPERFICIE GRUPOS FUNCIONAIS
! BACTERIA |
| | | | | |
ESPECIE || comPosIGAO || HIDROFOBICIDADE ENERGIA LIVRE _ ADESINAS SISTEMAQS
ECEPA || DA SUPERFICIE E CARGA DE SUPERFICIE || (FIMBRIAS E PILI)

Figura 4: Parametros que influenciam na adeséo bacteralsgiada de DAROUICHE, 2001).

- 2.

biofilmes

Importancia clinica e impacto econdémico dasinfec¢cbes associadas a

A adesdao bacteriana e a consequente formagéao flenbipossuem um papel
importante na patogénese, representando um grdrsiécalo para a saude humana,
sendo causa comum de infeccOes persistentes (CORIERt al, 1999; CHEN e
WEN, 2011; MAH, 2012). De acordo com o 0Orgao nan@ericano “National
Institutes of Health”, biofilmes estdo associad@peoximadamente 80% de todas as
infeccbes médicas no mundo (DAVIES, 2003), incloindndocardites, otites,
prostatites, periodontites, conjuntivites, vagmténfeccdes relacionadas a fibrose
cistica e como importantes colonizadores de imptantédicos, tais como cateteres
Venosos, arteriais e urinarios, dispositivos inganos, lentes de contato e proteses
(DONLAN e COSTERTONet al, 2002; FALAGAS et al, 2009; HOIBY et al,
2011).

Uma das mais importantes caracteristicas dos foiesil bacterianos € a sua

resisténcia ao sistema imune do hospedeiro e adesgantimicrobianos. Bactérias
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gue vivem nestas comunidades sao frequentemerit@ a€.000 vezes mais tolerantes
aos antimicrobianos do que quando na forma plama@DAVIES, 2003), indicando
gue alguns dos mecanismos envolvidos na resistédosa biofilmes aos
antimicrobianos devem diferir dos mecanismos res@egis pela resisténcia de
bactérias planctdnicas aos mesmos agentes (STEWARB0J?2). Desta maneira,
microrganismos que apresentam susceptibilidadeeand@ados antimicrobianos em
testes laboratoriais convencionais, sdo na verdiidmente resistentes aos mesmos
guando na forma de biofilmes. Como consequéncengis envolvendo biofilmes séo
geralmente crénicas e dificeis de tratar. Diverfsdsres tém sido postulados para
explicar a baixa suscetibilidade aos antimicrobsade células na forma de biofilmes
(DONLAN e COSTERTONEet al, 2002; DAVIES, 2003; LAZAR e CHIFIRIUC,
2010), incluindo:

a) Baixa penetracdo de agentes quimicos: O EP% raduapacidade de
penetracdo de antimicrobianos em todas as areasofilme. O EPS pode (i) atuar
como barreira fisica para difusdo, retendo graradte mlos agentes antimicrobianos e
assim, reduzindo a quantidade do mesmo para agie |5 células e, (ii) interagir
guimicamente com estes agentes, sequestrando wsicambianos hidrofilicos e
carregados positivamente, tais como os aminogtieosi (NICHOLSet al, 1988).
Além disso, bactérias na forma de biofilme resiste@m antimicrobianos tornaram-se
suscetiveis ao tratamento apos a dispersdo ou rdgaggo do biofilme, uma
observacdo que suporta a ideia de que a matrizR& @gode proteger o biofilme
através da limitacdo do transporte de agentes ignbinlanos (DAVIES, 2003).

b) Crescimento lento de células no interior doibid: As células bacterianas
em biofilmes constituem populacdes heterogéneasvesiadas taxas de crescimento
em diferentes compartimentos do biofilme e variadascetibilidade aos
antimicrobianos (MAH et al, 2001, STEWART e FRANKLIN, 2008). O
desenvolvimento da tolerancia aos antimicrobiarmae pesultar da inibicdo da morte
celular natural em uma subpopulacédo de célulaghachs, conhecidas como células
dormentes ou “persisters”. Esta subpopulacdo gqoaie®nte encontra-se na base da

estrutura dos biofilmes, onde ha limitacdo de afele oxigénio, apresentando
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reduzida taxa metabdlica, a qual garante a suat&asia ao tratamento com
antimicrobianos, visto que eles geralmente agerfasa de crescimento bacteriano,
como sintese protéica, sintese de acidos nucléiclesparede celular. Desta forma, o
tratamento antimicrobiano pode conduzir a erradicagda maioria da populacdo
suscetivel, mas esta fracdo de células “persistéis é atingida pela quimioterapia e
atua, portanto, como um nudcleo para re-infecca® apdescontinuacdo terapéutica
(STEWART, 2002; LEWIS, 2010; 2012) (Figura 5).

Alta atividade
Atividade intermediaria
//" Baixa atividade
/ Dormentes— “Persisters”
I

Figura 5: Atividade metabdlica em uma microcolénia de lioé (adaptada de DAVIES, 2003).

c) Transferéncia de genes de resisténcia: Biofils@®sidealmente adequados
para a troca de material genético devido a proxadeddas células bacterianas. Desta
forma, a vida em comunidade facilita a transfer@dmrizontal de genes através de
plasmideos, 0s quais podem codificar resisténciaa pedltiplos agentes
antimicrobianos (DAVEY e O'TOOLE, 2000; POZO e PATR007, MADSENet
al., 2012).

d) Fuga da defesa imunolégica humana: Devido &epgasdo EPS, o sistema
imune encontra dificuldade de reconhecimento dofiites, protegendo as células do
interior do biofilme contra a acdo de anticorp@g]icais livres e outros compostos
reativos produzidos por fagocitos recrutados pazambate de infecgdes (FUX al,
2003; BRYERS, 2008).

Embora os fatores acima citados contribuam paratendimento da baixa
suscetibilidade das células na forma de biofilnedadamente eles ndo suportam a
ideia de que bactérias em biofilme sejam maistesdiss aos antimicrobianos do que

bactérias planctdnicas. Tanaka e colaboradores9)1®%straram que a acao
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bactericida de fluorquinolonas em biofilmes Beseudomonas aeruginosacorreu
independente da taxa de crescimento bacterianotel/ag colaboradores (2003)
compararam a penetracao de antimicrobianos, camii@¢ao de oxigénio e com 0s
efeitos da atividade metabdlica na tolerancia defilimes de P. aeruginosaao
ciprofloxacino e a tobramicina. Os resultados seigeque a limitacdo de oxigénio e a
baixa atividade metabdlica no interior dos biofithenais do que a penetracdo do
antimicrobiano, sejam 0s responsaveis pela tole&xénesses farmacos. Assim, nota-se
gue a resisténcia dos biofilmes € multifatorialqee estes mecanismos tém se
desenvolvido como uma resposta de estresse baciepade a vida em biofilmes

permite que as células respondam as diferenteagiies ambientais (MAH, 2012).

As infec¢cdes nosocomiais sdo a quarta causa dee mog Estados Unidos,
sendo responsaveis por 2-4 milhdes de casos amialngtevando em mais de U$ 5
bilhdes o custo médico adicional por ano (WENZHEM) ). Considerando o Brasil, de
acordo com o estudo do programa “SCOPE Surveillanckecontrol of pathogens of
epidemiological importance”, a taxa de mortalidadssociada as infeccdes
nosocomiais sanguineas, de 2007 a 2010, atingiu @#AXRRA et al, 2011);
semelhantemente, no Rio Grande do Sul a taxa d&alidade associada a infeccbes
em Unidades de Terapia Intensiva (UTIs) foi de 46%,2003 (LISBOAet al, 2007).
Sabe-se que 60-70% das infeccdes hospitalares astéoiadas ao uso de dispositivo
biomédico implantado (WENZEL, 2007) e estima-se quas de 5 milhdes destes
dispositivos sejam usados por ano apenas nos Bdthddos (BRYERS, 2008).

A insercéo de dispositivos implantaveis tem seadonindispensavel em quase
todas as areas da medicina, particularmente em. @Cbis 0 aumento da expectativa
de vida humana, maior é a necessidade de sub&titeiceparo de funcdes bioldgicas
e, portanto, € estimado um aumento no namero daedospitalizadas e que irdo
receber implantes biomédicos. A industria de bieni@s movimenta atualmente
cerca de U$ 28 bilhdes por ano e encontra-se eidargxpansdo, com taxa de
crescimento anual de 15% (HOLZAPFEkt al, 2012). Independentemente da
sofisticacdo do implante, todos os dispositivos int&d ou tecidos construidos por

engenharia estdo suscetiveis ao risco de colomizagiobiana e infeccdo (BRYERS,
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2008; TRETER e MACEDO, 2011; BUSSCHERal, 2012). O risco de infecgao
esta associado ao déficit imunoldgico local narfate implante-hospedeiro, levando
a uma reduzida habilidade de eliminar microrganspréoximos ao biomaterial, o que
aumenta a propenséo de infec¢do associada ao tmPROCHFORDet al, 2012). A
Tabela 1 mostra a magnitude das infec¢cdes asssciadanplantes nos Estados
Unidos, enquanto a Tabela 2 apresenta este panokaBiasil.

Tabela 1 A magnitude do problema de infec¢cbes associadasplantes médicos (adaptado de
DAROQUICHE, 2001).

. " Numero de Taxa de infeccdo na Mortalidade
Dispositivo , ~ ST . -
insercdes por ano primeira insergdo (%)  atribuidd
Cateteres urinarios > 30 milhdes 10-30 Baixa
Cateteres venosos central 5 milhdes 3-8 Moderada
Dispositivos de flxggao de 2 milhdes 5.10 Baixa
fratura (placas e pinos)
Implantes dentarios 1 milh&do 5-10 Baixa
Proteses articulares 600 mil 1-3 Baixa
Enxertos vasculares 450 mil 1-5 Moderada
Marca-passos cardiacos 300 mil 1-7 Moderada
Implantes mamarios 130 mil 1-2 Baixa
Valvulas cardiacas mecéanicas 85 mil 1-3 Alta
D|sp95|t|vos de assisténcia 200 25 50 Alta
cardiaca

 Escala semiquantitativa: Baixa (< 5%); Moderadag%); Alta (>25%).

As verdadeiras taxas de infec¢cdes podem ser mailar@pie as apresentadas
acima pois (i) a taxa de infeccéo de dispositiwsnplantados aumenta em diversas
vezes, (ii) os antimicrobianos geralmente sdo adtméros previamente a coleta para
a realizacdo de exame cultural, podendo gerartaglmd falso negativos, e (iii) esses
dados encontram-se defasados em no minimo 12 anos.

Tabela 2: InfeccBes associadas a dispositivos médicos em ¢EI'® hospitais brasileiros, no periodo
de abril de 2003 a fevereiro de 2006 (adaptada®®©OMAO et al, 2008).

. . N . . ~ ortalidade
Dispositivo Infeccdo associada Taxa de infecgéo ( Aibuida (%)
Ventilador mecéanico Pneumonia 13,2 34,5
Cateter venoso central  Infecgdo sanguinea 8,3 47,1

Cateter urinario Infec¢do do trato urinério 8,2 030,
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Os esforcos feitos para manter a esterilidade epass visando minimizar as
possibilidades de contaminacdo durante a implaotdeadispositivos médicos e para
evitar infec¢cdes nos pacientes, através de prats@aequados de profilaxia provaram
ser eficazes, mas incapazes de controlar complatang ocorréncia de infeccbes
(MONTANARO et al, 2007). A dificuldade de tratamento devido ao tefala
resisténcia bacteriana em infeccbes associadasofdmieis possui consequéncias
diretas (maior tempo de internacdo, custo de anitbiterapia e medicamentos
complementares, custos com médicos e procedimetitgmosticos) e indiretas
(absenteismo e desemprego) no desfecho clinicogualadlade de vida do paciente.
Frequentemente, o principal manejo nas infeccOeglispositivos médicos é a sua
remocdo, no entanto, este procedimento pode estaciado com o aumento de
morbidade e mortalidade, prolongando a hospitédiaag elevando os custos para o

sistema de saude.

Estima-se que o gasto relacionado com o tratantEsias infeccbes seja maior
do que o gasto envolvido com a retirada e trocalidpositivo médico. Em muitos
casos, quando o dispositivo infectado ndo podeessovido, 0os pacientes enfrentam
uma supressiva terapia antimicrobiana para a pcaeenle infeccdes sistémicas
recorrentes (SCHINABECK e GHANNOUM, 2005; FALAGAS al.,2009; ROHDE
et al., 2010). O custo para tratar infeccdes associadagpkntes biomédicos esta
estimado em torno de 5 a 7 vezes o custo da irsergginal (BANDYK e ESSES,
1994). No caso de um cateter venoso central (C&¥8)a remocéao e substituicdo pode
ser tdo elevada quanto US$ 14 mil, por incidéntidQqMAS et al, 2005) e, o custo
anual de pacientes com infec¢des sanguineas asta®@ CVC varia de US$ 296
milhdes a US$ 2.3 bilhdes (VON EIlE al, 2005). Da mesma maneira, com base em
calculos para internacdes, uma incidéncia de sajsta entre US$ 22 mil e US$ 70
mil, os custos de pneumonia variam de US$ 12 roi$£2 mil e quando associada a
ventilagdo US$ 41 mil, por paciente (THOMASal, 2005).
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Il - 2.1. Bactérias de importancia médica formadora de biofilme

Biofilmes podem envolver apenas uma ou diferenspg@es microbianas. No
caso de uma infeccdo multiespécie, algumas delasaapdesempenham o papel de
favorecer a viruléncia e a organizagao estrutuwrdidfilme, o que protege e permite a
sobrevivéncia das demais espécies envolvidas, gusua vez participam ativamente
da infeccdo (BURMOLLEet al, 2010). Os patdogenos formadores de biofiime mais
comumente encontrados em infeccfes humanas redacisra dispositivos biomédicos
estao listados na Tabela 3.

Tabela 3 Microrganismos formadores de biofilme comumenteoatrados em infecgbes humanas e
de implantes médicos (adaptada de GEORGOPAPADAKIO5 e THOMASet al, 2005).

Infeccéao/sitio Microrganismo(s) causador(es)
Céries dentarias Streptococcus mutans

Sthaphylococcusoagulase negativos (SColgthaphylococcus
Cateteres venosos central aureus Enterococcus faecalis Pseudomonas aerugingsa

Klebsiella pneumonige&andidaspp

Sthaphylococcus epidermidiEnterococcusspp; Streptocccus

B - hemolitico; Lactobacilos

Endocardite (valvulas nativas)  Streptococcugrupo viridans

Endocardite (vélvulas mecénicas)s' epidermidi.s S. aureus. Streptococcg$pp.; Enterococcus
spp.;P. aeruginosa; Candidapp;Aspergillusspp

Eso6fago (em aidéticos) Candidaspp

Dispositivos intrauterinos

Enxertos vasculares SCoN;S. aureusP. aeruginosaoutros Gram- negativos

Lentes de contato e intraocularesP. aeruginosaSerratia marcescerns cocos Gram-positivos

Osteomielite S. aureus
Otite média S. aureus

Peritonite (cateteres de dialise . , .
( S. aureusCandidaspp;P. aeruginosaoutros Gram- negativos

peritoneal)

Prostatites Escherichia coli Clamydia trachomatigMycoplasma
Préteses ortopédicas S. aureu® S. epidermidis

Trato respiratdrio Streptococcus pneumoniaéacilos Gram-negativos

Trato respiratério (em fibrose ) _ '
cistica) P ( P. aeruginosa Burkholderia cepacia

L L . colii Proteus mirabilis SCoN; E.faecalis Candida spp.;
Trato urinario (cateteres urinarios . :
. pneumoniaeoutros Gram-negativos
Gram-negativos entéricoStaphylococcuspp.; Streptococcus
spp.;Enterococcuspp.;

Vagina Candidaspp

Tubos endotraqueais
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Dentre estes, cabe destacar: $S8phylococcuspp.— o principal causador de
infeccOes associadas a implantes biomédicos, cestemte importancia na medicina
moderna; (b)Pseudomonas aeruginosanicrorganismo formador de biofilme, capaz
de causar infeccOes cronicas progressivas em pesi@om fibrose cistica; e (c)
algumas enterobactérias, conischerichia coli Klebsiella pneumonigeSerratia
marcescense Enterobacter cloacae- as quais demonstram grande potencial de

epidemia devido a alta resisténcia aos antimicrasiaincluindo carbapenémicos.

Il - 2.1.1. Staphylococcus spp.

Staphylococcusspp. sdo cocos Gram-positivos arranjados em agéulog
reconhecidos como uma importante causa de infechfiesanas nosocomiais e
adquiridas na comunidade (WAN al., 2007; OTTO, 2008). Atualmente, o género
Staphylococcuscompreende 39 espécies, as quais podem ser @ivickdn dois
grandes grupos: 0 coagulase positivo, no qu&. aureusé a espécie exclusiva
patdgena em humanos, capaz de produzir a enzimpanss/el pela coagulacdo da
fibrina no sangue, e o coagulase negativo, no sgi@nquadram as demais espécies,
comumente referidas con®taphylococcusoagulase negativos (SCoN) (BECKER e
VON EIFF, 2011).

Dentre as espécies de estafilococBs, aureusé considerado o patdgeno
humano oportunista mais importante. Aproximadamellea 35% das pessoas
saudaveis sdo consideradas carreadoras persistenfesaureusBECKER e VON
EIFF, 2011), servindo como reservatérios de mi@oigmos e importantes fontes de
infeccdes invasivasStaphylococcus aurewsa espécie mais importante clinicamente,
capaz de causar uma grande variedade de doencasum@Nos e em animais
(BECKER e VON EIFF, 2011) e possui um arsenal msgco de determinantes de
viruléncia, que contribuem para a sua patogenieidBentre os fatores de viruléncia,
incluem-se diferentes tipos de toxinas (citotoxji@sinas esfoliativas, enterotoxinas e
a toxina 1 da sindrome do choque téxico) e enzifecasgulase, hialuronidase,

fibrinolisina, lipases, nucleases) que facilitardestruicdo tecidual e, um nimero de
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componentes estruturais (capsula, camada limosateipa A e adesinas), que
impedem a acado de fagocitos e anticorpos e medeiadesao tecidual e colonizacdo
(MURRAY et al, 2009a).

Por outro lado, os SCoN constituem a maior partebdatérias pertencentes a
microbiota normal humana, sendo importantes codmlures da pele e membrana
mucosa, e sdo importantes na manutencdo da mitaockdmdavel competindo com
microrganismos potencialmente prejudiciais, emiqaer, S. aureugOTTO, 2012a).
Embora desde a década de 50 ja houvesse relat®Sateé causando infeccdes, estes
microrganismos foram considerados ndo patogénicEudsolamento no laboratorio
clinico era atribuido a contaminagdo pela micr@bictitdnea normal. Somente nos
anos 80 a comunidade cientifica comecou a elucadhor a patogenicidade destes
microrganismos (PFALLER e HERWALDT, 1988). Na vetda a conversdo dos
SCoN de microrganismos simbiontes para patogenoahang reflexo direto do
aumento do uso de implantes médicos para a sugattintermitente ou permanente
de orgaos e para o manejo de funcfes vitais em (TIGARA e HUMPHREYS,
2001; OTTO, 2009), sendo reconhecidos, atualmesueo principais patdégenos
associados a infeccao de implantes (UCK&Ml, 2009; OTTO, 2012b).

Um SCoN com importantes implicagbes na saude &taphylococcus
epidermidis Em contraste cor®. aureuso qual possui um vasto arsenal de toxinas
desenvolvido para causar infeccdo no hospedeiroahompraticamente todos os
fatores de viruléncia d8. epidermidigparecem ter fungdes originais no estilo de vida
da bactéria comensal (OTTO, 2012a). Dentre esesepidermidisé capaz de
expressar determinantes que provocam sua perssténomo as moléculas
promotoras da evasdo ao sistema imune e as queamedegormacao de biofilmes,
como as PSMs (“phenolsoluble modulins”) e o exgsalcarideo PIA
(“polysaccharide intercellular adhesin”), fato qiesperta crescente interesse clinico
(VUONG e OTTO, 2002; OTTO, 2009; 20128aphylococcus epidermicapresenta
uma substancial adaptacdo em nivel de genoma parascimento na forma de
biofilmes, incluindo a regulacédo negatiffaown-regulation”) de processos celulares

basicos como biossintese de acidos nucléicos, ateipas e de parede celular, fato
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gue associa a formacao de biofilmes a sua patadade (YAOet al, 2005). Além
disso, S. epidermidisestdo sendo reconhecidos como importantes re§gostde
genes que promovem a colonizacdo e a viruléncia. deireugesistente a meticilina
(MRSA), como recentemente apresentado no traba ot (2013).

Em estudo do “SENTRY Antimicrobial Surveillance §ram”, envolvendo o
Brasil e a América Latina, no periodo de 1997 al2@@ detectado uma prevaléncia
de 21,3% dé&. aureuse 13,9 % de SCoN em hemoculturas (SADERI, 2003). No
periodo de 2005 a 2008, outro estudo realizado PENTRY relatou aumento das
taxas de resisténcia em SCoON para a maioria domiargbianos utilizados nos
hospitais brasileiros. Neste estudo, os indicesrtagos de resisténcia a meticilina
foram de 78,7% em SCoN e 31,0% &maureussendo que entre os SCoN também
foi encontrado valores elevados de resisténcia ifromicina (70%), ao
sulfametoxazol-trimetoprima (50%) e ao levofloxaci@5%) (GALESet al., 2009).

A mortalidade atribuida a infeccbes no sistema ut@tério causadas por
S. epidermidiyaria de 10 a 34%, com aumento dos custos e aoese 7 a 19 dias
na duracdo da internacdo (OTTO, 2009; ROHDRAL, 2010). Devido a resisténcia a
meticilina (CAMERONet al, 2011) e aos outros antimicrobianos, 80% dos eaet
infectados conStaphylococcuspp. estdo sendo tratados com vancomicina (RAAD
al., 2007a). A resisténcia a vancomicina ja foi désadesde 2003 (CHANGt al,
2003), mas felizmente o isolamento de cepas reggst@inda € raro. Por outro lado, a
prevaléncia de isolados com suscetibilidade intdréan@ a vancomicina aumenta
progressivamente (BAEt al, 2009) e a formacdo de biofilmes, o mecanismo né&o
especifico mais importante de resisténcia, dimiauatividade deste e de outros
antimicrobianos de forma significativa (WEIGH al, 2007; RAADet al, 2007b;
ANTUNESet al, 2011).

Il - 2.1.2. Pseudomonas aeruginosa

Pseudomonasompreende um grande e complexo género formadbaumios

Gram-negativos ndo fermentadores de glicose e agtdibsos. Estes bacilos sao
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ubiguos no ambiente, podendo se adaptar a umadadeede nichos devido a sua
habilidade de crescer em temperaturas abaixo déC2até 42 °C e de utilizar

diferentes moléculas organicas como fonte de carfidBENRY e SPEERT, 2011).

Dentre estes?. aeruginosaé um patdgeno oportunista associado a uma vasta
gama de infeccdes em humanos. Ndo ha duvidas dagéioea versatilidade de.
aeruginosacomo patogeno. Algumas infec¢cdes sdo mais encasma comunidade
como foliculites, artrite séptica e otite exterrenquanto infeccdes mais sérias
geralmente sdo encontradas no ambiente hospitatatuem bacteremia, pneumonia,
endocardite, osteomielite, infec¢cdes no trato widn& peritonite. Os individuos
imunocomprometidos, incluindo pacientes com sevguasmaduras, com cancer, com
0 virus da imunodeficiéncia humana e portadorefbdese cistica (FC) constituem o
grupo de risco com infec¢gdes envolverRloaeruginosgfHENRY e SPEERT, 2011,
KERR e SNELLING, 2009). A morbidade e mortalidadsaciadas a FC, a doenca
autossdmica recessiva mais comum entre os cauoas{@equéncia de 1: 2500
nascidos vivos) (RATJEN e DORING, 2003), sdo caasgtkla colonizagdo cronica
dos pulmdes por microrganismos. Embora varias espémicrobianas possam
colonizar com sucesso o0s pulmdes de pacientes €yrmfeccdes poP. aeruginosa

contribuem mais significativamente para a doenca.

Pseudomonas aeruginossxpressa uma variedade de fatores de viruléncia,
incluindo componentes estruturais (flagelo, pilpopolissacarideo e o alginato),
toxinas (exotoxina A, exoenzimas S e T), enzimast§ases, elastases, fosfolipases),
0S pigmentos piocianina e pioverdina e o sistemsedeecao tipo Ill, mecanismo pelo
qual a bactéria injeta seus fatores de viruléneiaxdlula hospedeira. A maioria dos
especialistas acredita que pd&a aeruginosacausar doenca, varios destes fatores
devem estar expressos conjuntamente, promovendoatdcidual e a fuga ao sistema
imune do hospedeiro (MURRA¥t al, 2009b). Aliado a estes, a capacidadePde
aeruginosaem formar biofiimes € uma importante habilidadee qpermite a sua
persisténcia em diversos nichos (KERR e SNELLIN@9. Quando cresce na forma
de biofilme,P. aeruginosgode secretar uma série de exopolissacaridedacdedo-

se o alginato, um polimero de acido manurénicoi@oaglicurbnico, que caracteriza
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seu fendtipo mucoide (RAMSEY e WOZNIAK, 2005). A mwersdo das
microcolbnias deP. aeruginosado fenotipo ndo mucoide para o fendtipo mucoide
marca a transicdo para um estado de persistén@ecado pela resisténcia aos
antimicrobianos, ineficacia do sistema imune eaea€lb declinio da funcéo pulmonar,
tornando a infeccdo poP. aeruginosamucoide o principal patégeno da FC
(PEDERSENEet al, 1992; GOVAN e DERETIC, 1996; LYCZAKt al, 2002).

Pseudomonas aeruginosapresenta 0s quatro principais mecanismos de
resisténcia: (i) a expresséo [factamase AmpC cromossomal induzida, a qual rende
resisténcia a ampicilina, amoxacilina, amoxacilifaulanato, cefotaxima e
ceftriaxona; (ii) os diversos sistemas de bombasftiexo, capazes de expulsar o
agente antimicrobiano da célula; (iii) a diminuigd@a permeabilidade de membrana
externa, dificultando a entrada de antimicrobiamasélula, e (iv) a alteracdo do sitio
de acdo de alguns antimicrobianos (HENRY e SPEERU11). Varios
antimicrobianos podem ser utilizados no tratamelgtanfeccdes poP. aeruginosa
incluindo as penicilinas de amplo espectro (pipénac e ticarcilina), certas
cefalosporinas de largo espectro (ceftazidima epieia), carbapenémicos (imipenem
e meropenem), monobactamicos (aztreonam), fluootpmas (ciprofloxacino e
levofloxacino), aminoglicosideos (gentamicina, &obicina e amicacina) e colistina
(HENRY e SPEERT, 2011). Infelizmente, resisténdiad®ds antimicrobianos pode ser
desenvolvida, uma vez quB. aeruginosapossui a habilidade de desenvolver
resisténcia por mutacdes em diferentes, seja por aquisicdo horizontal de genes de
resisténcia carreado por plasmideos, por transposanpor integrons (HENRY e
SPEERT, 2011).

Mundialmente a resisténcia aos antimicrobianos/uimdo a resisténcia
multifarmacos (resisténcia a trés ou mais classes adtimicrobianos) entre
P. aeruginosaé generalizada e crescente. Conforme um estud@za@al em um
periodo de dez anos (1993 a 2002) nos Estados §Jrad@sisténcia a multifarmacos,
incluindo ceftazidima, ciprofloxacino, tobramicigaimipenem aumentou de 4% no
inicio do estudo para 14% em 2002 (OBRITS€&tHIl, 2004), fato que demonstra a

limitacdo nas terapias, a necessidade por novowfars e a importancia do teste de
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suscetibilidade para guiar o tratamento. Nas UTasileiras,P. aeruginosaesistente
a multifarmacos é a principal causa de infec¢cOes®ecmmiais, sendo a pneumonia a
principal destas (ROSSI, 2011).

Il - 2.1.3. Enterobacteriaceae

A familia Enterobacteriaceae € a maior e mais bgésrea colecéo de bacilos
Gram-negativos de importancia médica. Mais de 4@&g& e centenas de espécies e
subespécies ja foram descritos. Os membros destdiafapossuem necessidades
nutricionais simples, s&o fermentadores de glicdseauséncia de atividade da enzima
citocromo oxidase é uma caracteristica importaraea plistingui-los dos demais
bacilos Gram-negativos (MURRAYet al, 2009c). As bactérias da familia
Enterobacteriaceae, também chamadas de enterdghgct&8o microrganismos
ubiquitarios e fazem parte da microbiota normal &an@ Apesar da complexidade
desta familia, relativamente poucas espécies s§pomeaveis pela maioria das
infeccbes em humanos (Quadro 1). As enterobacigoi@dsm causar uma variedade de
doencas, incluindo 30 a 35% de todas as bacteremais de 70% das infeccOes de

trato urinario e infeccdes intestinais (MURRA&Yal, 2009c¢).

Quadro 1: Enterobacteriaceae de importancia médica (adaptadMURRAYet al, 2009c).

Microrganismos

Citrobacter freundij C. Koseri
Enterobacter aerogengE. cloacae
Escherichia coli

Klebsiella pneumonige. Oxytoca
Morganella morganii

Proteus mirabilis

Salmonella enterica

Serratia marcescens

Shigella sonneiS. flexneri

Yersinia pestisY. enterocolitica¥Y. Pseudotuberculosis
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Numerosos fatores de viruléncia foram identificados membros da familia
Enterobacteriaceae, sendo comuns a todos os naciengos a capsula e a variacao
de fase antigénica (alterando o antigeno capsula #agelar H) que conferem
protecdo frente a fagocitose e a morte mediada gudicorpos; as proteinas
(enterobactina e aerobactina) capazes de quelarro dlo hospedeiro e permitir o
crescimento bacteriano; e, as endotoxinas, que npodausar choque e morte
(MURRAY et al, 2009c). Adicionalmente, algumas enterobactériasmo
K. pneumoniag DI MARTINO et al, 2003) S. marcescenéRICE et al, 2005) e
E. cloacae (THOMPSON et al, 2006) tém demonstrado a capacidade de formar
biofilmes. Tao rapidamente quanto novos antimi@obs sao introduzidos no
mercado, as enterobactérias podem desenvolver e de resisténcia aos
mesmos. Os principais mecanismos encontrados rgsigo de bactérias sao
cromossémico e plasmidial-induziveis através [fHactamase do tipo AmpC e
resisténcia plasmidial com producéo [Bi4actamase de espectro estendido (ESBL),
gue confere resisténcia a todas as penicilinas falosporinas, incluindo os
monobactamicos (ROSSI e ANDREAZZI, 2005).

Conforme Rossi (2011), em hospitais brasileiros, frequéncia de
microrganismos produtores de ESBL isolados de halwa (54% das
K. pneumoniae 32.4% dag&. col) tém sido maior do que em hospitais americanos e
europeus e, a resisténcia as fluoroquinolonas tanfbéalta nestes isolados (81% e
41%, respectivamente). Dentre algumas razdes paliwa esta disparidade pode-se
citar: (i) o atraso na entrega de laudos do pddilsusceptibilidade microbiana aos
antimicrobianos em alguns hospitais brasileirosntrdouindo para uma alta
pressao seletiva devido ao grande uso de agamigsa@obianos de amplo espectro;
(i) a venda de antimicrobianos sem prescricdo oaédié o ano passado, acarretando
na automedicacdo e colaborando para o surgimentepies resistentes. De acordo
com o “Study for Monitoring Antimicrobial ResistancTrends” (2004), o qual
analisou amostras de 28 paises, 10%Edawli, 17% das espécies Héebsiellae 22%
das espécies denterobactereram isolados produtores de ESBL (RO8SI, 2006).

Yang e Zhang (2008) demonstraram knpneumoniagsoladas de escarro e urina, a
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associacao entre a producdo de ESBL e a formacEmfilenes, e enK. pneumoniae
isoladas de infeccdes do trato respiratério e tidna associacao entre a producéo de

ESBL, formacéo de biofilmes e a presenca do disposnédico.

Os carbapenémicos sdo, muitas vezes, uma das popcass de tratamento
disponiveis em infec¢des graves causadas por lzact@ram-negativas resistentes a
multifarmacos. Entretanto, em 2001, o primeiroadol produtor de carbapenemase,
enzima conhecida comklebsiella pneumoniaearbapenemase (KPC), foi descrito
por Yigit e colaboradores. Esta enzima € caraetdazor conferir resisténcia a todos
os farmacog$-lactamicos, motivo pelo qual a sua disseminacgaodmal entre familia
Enterobacteriaceae é de extrema preocupacdo (QUARDBS; WALSH, 2010;
NORDMANN e CORNAGLIA, 2012). KPCs foram identificasl em praticamente
todos os membros da familia Enterobacteriaceae [BRRAt al, 2005;. HIRSCH e
TAM, 2010; GORENet al 2010; SOULIet al, 2010), no entanto, a prevaléncia de
isolados produtores de KPC no Brasil (MONTEIRDal, 2009) e, especificamente,
no Rio Grande do Sul ainda é baixa (ZAVASG¥lal, 2009). Em 2011, WON e
colaboradores (2011) observaram uma extensa trasd&mide enterobactérias
produtoras de KPC entre hospitais e lares de idaedmsando a alta prevaléncia destas
infeccbes em pacientes que fazem uso de dispasitimoméedicos, como cateter

venoso central (67.5%), ventilagdo mecéanica (30%g)ecrealizam hemodialise (50%).

Il - 3. Estratégias de combate aos biofilmes

A abordagem multidisciplinar para o tratamento atrbe de biofilmes tem
resultado da valorizacdo crescente do papel gue ddsempenham na medicina
moderna. As estratégias para o combate de biofilpwmdem, basicamente, ser
divididas em dois segmentos: (a) a inibicAo da &m&o de biofiimes e (b) a
erradicacdo ou tratamento de biofilmes j& formadngps principais alvos para
intervencédo sao ilustrados na Figura 6. Consideranmiodo como pode ser alcancada
a inibicdo da formacdo de biofilmes, foco do présetmabalho, duas grandes

classificacdes podem ser feitas: através da viaidgdo do crescimento bacteriano,
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pelo uso de compostos bactericidas ou bacteriostabu, através do bloqueio da
adeséao bacteriana e, consequentemente, da formeaddofiime por uma via que néao
envolve a morte bacteriana - caracteristica magcdatum novo conceito de terapia:
as terapias antiviruléncia. As terapias antivirai@rexploram novos mecanismos de
acdo de compostos, visando dificultar o rapido meslgimento de resisténcia
bacteriana. Ainda, por ndo afetar o crescimentbatgerias e manter as células em
estado planctonico, o desligamento da expressawirdééncia e atenuacdo do
patdgeno deve tornar 0S microrganismos mais susgetiaos antimicrobianos
tradicionalmente utilizados e ao sistema imunol@diCLATWORTHY et al, 2007,
ESCAICH, 2010; RASKO e SPERANDIO, 2010). Assim,asshovas terapéuticas
podem ser consideradas alternativas e/ou complamsnta antibioticoterapia

tradicional, com base em novos mecanismos de agédbferentes alvos.

i Monocamada | Agregados ou Biofilme maduro 3 i Disperséo
Células | aderida | Microcolénias ’
planctdnicas; ;

Figura 6: Principais alvos para combate aos biofilmes nhienos: inibicdo da adeséo bacteriana via
bloqueio da adesédo bacteriana a superficie (etapaulo rompimento da comunicacdo celular
bacteriana Quorum sensingetapa 2) e, a erradica¢éo ou tratamento de tiedilja formados (etapa
3) (adaptada de MACEDO e ABRAHAM, 2009).

(a). Inibicao da formacao de biofilmes O desenvolvimento de novas
estratégias para prevenir a formacéo de biofilmacipalmente em biomateriais, tem
recebido bastante atencéo. A inibicdo da formae&uafiimes pode ser obtida através
(al) do bloqueio da adesao celular bacteriana asuparficie ou por meio (a2) do
rompimento da comunicacgao celular bacterig@aofum sensing conforme ilustrado

na etapa 1 e 2 da Figura 6, respectivamente.

(al). Blogueio da adeséao celular bacteriana a supésie (Figura 6, etapa 1).

Considerando superficies abidticas, o uso prafdatde antibidticos e biocidas
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(incluindo revestimentos de dispositivos médicogrsdo do dispositivo em solucdes
antibidticas, irrigacdo do sitio cirdrgico com aitdticos, e terapia de bloqueio com
antibidtico, a ultima geralmente utilizada em cate$) podem reduzir a incidéncia de
adesdo e infeccbes associadas a biofilmes em itaplanédicos. Embora o uso da
profilaxia antimicrobiana seja controverso devidouéta duracdo da sua eficicia e ao
seu potencial para aumentar a resisténcia antimama, esta pratica € cada vez mais
comum em grupos de pacientes de alto risco (FeétXal, 2003; LYNCH e
ROBERTSON, 2008). Ainda em relacdo a substrata&iabs, o desenvolvimento de
novas superficies com caracteristicas fisicas dieadmméncia, (evitando interacfes
fisico-quimicas que medeiam a adesdo primaria dwstrstio), bem como o
recobrimento de superficies com os mais diversaogostos, incluindo antibidticos e
moléculas inibidoras do sisten@Z§ representam uma outra alternativa na prevencao

da formacéao de biofilmes, que esta descrito no iteB12. Modificacéo de superficies.

Para a inibicdo da adeséo celular bacteriana aubstrato biotico, importantes
exemplo sdo os compostos pilicidas e os composteates de ferro. Os pilicidas,
como por exemplo as 2-piridonas biciclicas, sd@zap de inibir a biossintese de pili,
uma das estruturas bacterianas responsaveis pdacade certas bactérias as células
humanas. Desta maneira, estes compostos sao cagaeesar a adesao @e coli as
células da bexiga (PINKNEBt al, 2006; BERGet al, 2008) e dd/ibrio choleraeas
células intestinais (HUNGt al, 2005). Com relagcdo aos compostos quelantes de
ferro, Singh e colaboradores (2002) demostraram ajl&ctoferrina, uma proteina
encontrada na maioria dos fluidos corporais, € zajgaquelar ferro, um elemento
critico para a adesdo bacteriana a superficiesacdoferrina em concentracfes
subinibitérias foi capaz de inibir a adesdo baaterie a formacdo de biofilme de
P. aeruginosasem afetar o crescimento bacteriano, atravésidacfio de ferro. Em
concentragcbes mais altas, a lactoferrina € conf@iepidr inibir o crescimento
bacteriano, rompendo a membrana bacteriana atradés ligacdo aos
lipopolissacarideos (ELLISON, 1994). Devido a efiedcomprovada da lactoferrina
contra patdgenos capazes de formar biofilme, pedeqie descrevem 0 seu uso em
tratamentos de lesdes superficiais de pele foragistradas (AMMONS, 2010).

Estudos similares foram desenvolvidos com outroslamies de ferro, como acido
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2,2’-dipiridil dietilenotriaminopentacético (DTPA)acido etilenodiaminotetracético
(EDTA), etilenodiamina-N,N’- acido diacético (EDDA) mesilato de deferoxamina
(O'MAY et al, 2009).

Ao se considerar ambas as superficies, abiotitastieas, um novo alvo para
iImpedir a adesao bacteriana encontra-se em esluala-se da adesina sortase, uma
enzima de membrana que catalisa reacfes de traidsedio ligando covalentemente
proteinas ao peptidioglicano, além de estarem egigad na montagem do pili
(MARRAFFINI et al, 2006). Bactérias mutantes em sortase A (gstid),
apresentam uma deficiéncia de proteinas de sugedidificuldade em aderir a
superficies de hidroxiapatita na presenca de salatras moléculas, como o
metanotiosulfonato e o acido p-hidroxi-mercuribeoadestdo sendo reconhecidas
como inibidores de sortases. Sendo um fator ddéwicia universal de bactérias
Gram-positivas, estas enzimas poderdo servir comobam alvo para farmacos

antiadesdo, com amplas aplicac6es clinicas (CHRBNEN, 2011).

(a2). Rompimento da comunicacao celular bacterian&@Quorum sensing)
(Figura 6, etapa 2). Para estabelecer uma infeegéimduzir uma doenca, bactérias
patogénicas devem desenvolver diferentes mecanidmagruléncia para colonizar,
disseminar e se adaptar aos varios microambientpssios. Na fase posterior a
formacdo de agregados e no inicio da maturacdordedo do biofilme, as bactérias
usam sistemas de comunicacdo célula-célula panalareg expressado dos genes

envolvidos na formacao do biofilme.

A inibicdo da formacéo de biofilmes, apos a etagpadeséo primaria, pode ser
obtida através da interferéncia nesta sinalizag@erdelular bacteriana. O uso de
moléculas inibidoras do sisten@S (QSI), as quais competem com o0 receptor das
moléculas sinalizadoras, ou de enzimas conhecaas Quorum QuenchingQQ), as
guais degradam as moléculas de sinalizacdo, pottgndar a comunicacédo celular
bacteriana (MARTINet al 2008). Desta maneira, a producdo de EPS, deutraso

atividades, é inibida, o que dificulta a manutendaoestrutura tridimensional dos
biofilmes (adesao irreversivel) (MACEDO e ABRAHANZ009; LAZAR, 2011)
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(Figura 6, etapa 2). Acredita-se que as molécutzduladoras d@QSsejam capazes de
tornar 0s microrganismos mais suscetiveis aos mmntbianos e ao sistema imune.
Desta maneira, combinando esses interferentesstema QS com antimicrobianos
tradicionais pode-se aumentar a efetividade dawmdéns correntemente utilizados,
facilitando o controle de infeccbes bacterianaaciehadas a biofilmes. Dentre um
grande numero de patentes (ROMERDal, 2012) e compostos QSI relatados na

literatura, as furanonas halogenadas e o peptiileidlor do RNAII (RIP) parecem

ser 0s compostos mais investigados, inibindo adgén de biofilme d@. aeruginosa

e Staphylococcuspp. (MUSK e HERGENROTHER, 2006; CHEN e WEN, 20DN.
entanto, alguns estudos estdo demonstrando quenad@o de biofilmes dé.
aeruginosae de S.aureuspode ocorrer independente da modulacdo do sis@®a
(SCHABERZEet al, 2007, COELHCQCet al, 2008), o que corrobora com a hipétese de
gque o0s mecanismos envolvidos na formacdo dos roiedil sio complexos e

provavelmente multifatoriais.

(b). Erradicacao ou tratamento de biofilmes ja fornrados(Figura 6, etapa 3).
Atualmente, o tratamento de biofilmes, quando pe$sbcorre basicamente através
do uso de antimicrobianos e da substituicdo deodispos médicos. Esta pratica,
porém, acarreta onerosos custos tanto ao pacierdeta) ao sistema de saulde,

conforme descrito na se¢ao anterior.

A formacéo de biofilme n&o é um processo irrevetsivos microrganismos por
si s6 sdo capazes de dissolver um biofilme em c¢o6edi desfavoraveis, como
mudancas de pH e privacdo nutricional. Para iskes €evem coordenar o seu
comportamento para se converter ao estado planotdbAssim, o conhecimento e
elucidacdo destas moléculas, as quais estimulamcanismo natural de dispersao de
biofilmes, auxilia a busca de compostos para aleagdo de biofilmes (MACEDO e
ABRAHAM, 2009; OTTO, 2012b). Ainda que incipiente, recente progresso na
descoberta dos mecanismos implicados na convemséa®ldlas sésseis em células
planctonicas, no caso d& aureuse deS. epidermidisindicam o envolvimento do
colapso ou a solubilizacédo da matriz do biofim©ES e HORSWILL, 2011).
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Para erradicar biofiilmes ja formados, encontra-se@ fase de estudo
principalmente enzimas e algumas outras molécupazes de desintegrar a matriz
(EPS) que engloba as células bacterianas. A intengé € necessariamente inibir o
crescimento bacteriano, mas sim perfurar a estrudorbiofilme (através de ruptura
enzimatica), sendo (til em combinacdo com um agemEmicrobiano para o
tratamento de infeccBes associadas a biofilmesivérsificada constituicdo quimica
da matriz do biofilme, que inclui material protéicdNA extracelular e
polissacarideos, torna o EPS suscetivel a degmadagé uma série de enzimas
exogenamente adicionadas (como proteinase K, riapsi DNAse 1) (BOLES e
HORSWILL, 2011). Neste sentido, o uso enzimas gdo #lginato liase, capazes de
degradar o polimero alginato, provocou importanteadicacdo de biofilme de
P. aeruginosa (ALKAWASH et al, 2006); a adicdo de anions polivalentes
(poliaspartato) e/ou DNAse, também ocasionaram itapte erradicacédo de biofilme
deP. aeruginosae deS. aureugMANN et al, 2009; TOLKER-NIELSEN e HOIBY,
2009). A dispersina B, uma N-acetilglucosaminidaseduzida porActinobacillus
actinomycetemcomitan&APLAN et al, 2003) € um outro exemplo. Esta enzima é
capaz de inibir a formacdo de biofilme e de promaverradicacdo de biofilmes ja
formados em muitas cepas & epidermidise S. aureusque possuem poh-
acetilglicosamina (PNAG) como um componente donimala sua matriz (KAPLAN
et al, 2004). Ainda, a lisostafina, uma glicina endopmlse produzida por
Staphylococcus simulanfi eficaz em erradicar biofilme d& aureusem modelo de
infeccdo de cateter em camundongos (KOKAI-KW#N al, 2009). Esta enzima
degrada a ponte pentaglicina da parede celuldilesteica, indicando que o material

da parede celular possui um papel subestimado tr&z a biofilme.

ApoOs duas décadas de incansavel esforco, receatesgs (PAN e REN, 2009;
AMMONS, 2010, CARVALHO, 2012; ROMER@t al, 2012) e mais de 250 mil
publicacbes (CHEN e WEN, 2011) ainda estamos aragp&a 0 lancamento do
primeiro produto antibiofilme. Neste ponto, os esbs coletivos no campo da
antiadeséo, interrupcao do siste@& e erradicacao de biofilmes - os trés grandes

alvos no combate aos biofiimes - geram expectativafornecimento de novos
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farmacos, embora o conjunto de diferentes alvosgpaser a maneira mais apropriada

para combater os biofilmes.

Il - 3.1. Plantas como fonte de compostos antibidfnes e antibacterianos

Encontrar poderes de cura nas plantas € umardeta antiga. Hipdcrates (no
final do século V aC) ja havia mencionado cerc@@@ a 400 plantas medicinais. As
plantas tém sido utilizadas como recurso terap@etic virtualmente todas as culturas.
Em regifes de baixo desenvolvimento econémico oaa@mas rurais, a falta de acesso
aos medicamentos industrializados determina onk@téo das doencas com base no
uso de plantas medicinais (LOPEEZal, 2001; MOTHANA e LINDEQUIST, 2005;
TADEG et al, 2005). Nos paises industrializados, desde o aodantibidticos na
década de 1950, o uso de derivados de plantas aatimoicrobianos diminuiu. Em
contrapartida, nestes locais, a medicina alteraativ complementar - medicina que
ndo desempenha um papel principal em um sistemaadde, como fitoterapia,
acupuntura, homeopatia e quiropraxia - vem aprasdotum aumento significativo.
Nos Estados Unidos, o uso de apenas 1 das 16 aerafiernativas aumentou de
33,8%, em 1990, para 42%, em 1997. Na Bélgica, @8,lquase 40% da populacao
ja havia feito uso de medicinas complementares @ss médicos utilizavam esses
recursos (ZHANG, 2000).

O interesse em pesquisas que envolvem atividadeniartbiana dentre a
comunidade cientifica dedicada a investigar asrgdades das plantas medicinais
tem aumentado exponencialmente (RIOS e RECIO, 2006indo o numero de
publicacdes sobre a atividade antimicrobiana det@$amedicinais é analisado no
banco de dados cientificodVeb of Scienée(tdpico: antimicrobial activity AND
medicinal plants), encontra-se 7, 135 e 1874 atmdlicados durante os periodos de
1945 a 1990, 1991 a 2000 e 2001 a 2012, respedctivanipesquisa feita no dia 11 de
dezembro de 2012). No periodo de 2005 a 2010, tahde 19 farmacos com base em
produtos naturais foram aprovados para comercg@@z@m todo o mundo, dentre os

quais 7 sao classificadas como produtos natur@is;oino produtos naturais semi-
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sintéticos e 2 como farmacos derivados de prochatisrais. Dentre os 19 farmacos
aprovados, 5 sao antibacterianos: doripenem, tiliye&) retapamulina, telavancina e o
aztreonam monobactamico (MISHRA e TIWARI, 2011).

O grande numero de compostos derivados de prodwdhsgais em varios
estagios de desenvolvimento clinico indica quemdestes como modelo ainda é uma
fonte viavel para novos farmacos (MISHRA e TIWARD11; NEWMAN e CRAGG,
2012). Além disso, quando comparado com bibliotedasprodutos sintéticos, os
produtos naturais apresentam perspectivas de deseolbo de maior namero de

compostos e com estruturas muito mais complexadlHHE et al, 1999).

As plantas produzem diversos metabdlitos secursléria escolha das mesmas
como fonte de compostos antimicrobianos é aprogritdia a razdo ecoldgica de que
elas produzem naturalmente moléculas que atuam odefesa quimica contra
microrganismos. Compostos antimicrobianos provdegen de plantas séo
extensamente conhecidos. Dentre as principaisedass antimicrobianos encontram-
se o0 grande grupo dos polifendis, os terpenoidede@inas e polipeptideos e os
poliacetiienos (COWAN, 1999). Exemplos da literatuse destinam a ser
representativos, mas nao exaustivos do assunteel@a), uma vez que diversos
exemplos e algumas outras classes de compostosatiwidade antimicrobiana
provenientes de plantas poderiam ser citados (GB(2004; MAHADY, 2005;
MAHADY et al, 2008, PERUMAL SAMY e GOPALAKRISHNAKONE, 2010).

Mais recentemente, a atividade antibiofiime de ocostgs provenientes de
plantas comecou a ser considerada. Wittschier aomdores (2007) destacaram a
importancia de grandes moléculas (como taninos rbochatos de alta massa
molecular) provenientes de plantas como importa@tesgonistas de interacdes
adesivas.

Com relacdo a inibicdo de formac&o de biofilme, dws mais conhecidos e
talvez mais estudados compostos de acao antiatkeeemibidores de biofilme séo as
proantocianidinas (taninos condensados) purificadias cranberry \accinium

macrocarpof, com acdo principalmente contrg. coli (FOO et al, 2000;
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EYDELNANT e TUFENKI, 2008) Streptococcus mutarf&OO et al, 2010) eCandida
albicans (FELDMAN et al, 2012). Janecki e Kolodziej (2010) mostraram que
proantocianidinas dBelargonium sidoides&o capazes de inibir a adesao bacteriana
de Streptococcuspp. a células de laringe humanas “in vitro”. @Qirta 1,2,3,4,6-
penta-O-galoilB-D-glicopiranose(purificado daEustigma oblongifoliumn apresenta
atividade antiformacéo de biofilme & aureusatravés da privacao de ferro (LB

al., 2011, 2012) e a proantocianidina A2 (isoladadsculus hippocastangmrevine

a transicdo de células planctonicas Sleaureuse S. epidermidispara sésseis sem
exercer efeito sobre o crescimento bacteriano (AREt al, 2012). Vandeputte e
colaboradores (2010) identificaram uma catequing dascas deCombretum
albiflorum que reduz a producéo de fatores de viruléncid.deeruginosavia inibicao

do QS Semelhantemente, Taganna e colaboradores (28frigrdtraram que a fragao
rica em taninos d@erminalia catappaé capaz de inibir o sistema bacterids e
prevenir a formacédo de biofilmes ¢k aeruginosaDois derivados diterpenoides, a
dimetilfruticulina A e a fruticulina A, isolados dealvia corrugata demostraram a
habilidade de inibir a formacdo de biofilme d& aureus S. epidermidise
Entercoccus faecaliem concentracdes subinibitorias, sendo que aarg#er dos
compostos com estes microrganismos parece serntemstamplexa e envolver a
inibicdo da sintese de EPS, atividade quelantadaanudancas na hidrofobicidade de
superficie das bactérias (SCHIT& al, 2011). O diterpeno casbano (isolado de
Croton nepetaefoligstambém apresenta atividade antiformacdo de miefisem
interferir no crescimento de diversas espécies ideorganismos (CARNEIR@t al,
2010).

Alguns poucos estudos de rastreamento também Edad@s na literatura na
busca de moléculas moduladoras do sistema baci€p@nEstes trabalhos envolvem
extratos de diversas plantas e, geralmente, utiizaomo modelo o biosensor
Chromobacterium violaceui@Vv026 e CV12472 &. aeruginosaPA0l -0s quais sao
utilizados para identificar inibidores dQS de bactérias Gram-negativas - e, a

quantificacdo de-hemolisina, para avaliar a modulacédo maureugMUSTHAFA
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et al, 2010; SONGCet al, 2010; ZAHINet al, 2010; KOH e THAM, 2011; QUAVE
et al, 2011).

Com relacdo a erradicacdo de biofilmes, a litesatdescreve o efeito
antimicrobiano principalmente de polifendis. Estestudos geralmente enfocam
microrganismos de importancia odontoldgica. Sampaiacolaboradores (2009),
mostraram que extratos ricos em polifendis de $ute Caesalpiniea ferrea
apresentam atividade antibiofime em um modelo iespiEcies, envolvendo
Streptococcuspp.,Candida albican® Lactobacillus caseiPrabhakar e colaboradores
(2010) demostraram que polifendis de trifala (mestde ervas ayurvédicas) e cha
verde apresentam atividade antibacteriana condfdrbe deE. faecalisformados em
dentes durante 3 e 6 semanas. Ainda, proantoai@sigharecem ser as responsaveis
pela atividade antiformacéo de biofilme (interfdonna adeséo) e de erradicacéo de
biofilmes de Streptococcus mutanem modelos de hidroxiapatita e em dentes
humanos (DAGLIAet al, 2010). Recentemente, Coenye e colaboradores 2012
mostraram que extratos @pimedium brevicornune Polygonum cuspidatunassim
cComo 0S seus compostos ativos (icariina e resegragspectivamente) erradicam
biofilmes dePropionibacterium acnesm concentracdes subinibitorias, indicando que

a morte bacteriana nao € o unico modo de acaoedwoiesta atividade.

As diversas atividades descritas mostram que oshdbs secundarios de
plantas possuem, além da bem reconhecida propdedatimicrobiana, um alto
potencial como agentes bloqueadores da formacamfines microbianos e capazes
de agir sobre células que encontram-se na fornofienes. A utilidade de produtos
naturais como fontes de novas estruturas, masea@assariamente a entidade quimica
final, permanece grande sendo que a area de carspastiinfecciosos é dependente
de produtos naturais e das suas estruturas (NEWBIERAGG, 2012).
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Tabela 4 Principais classes de compostos antimicrobiamopldntas, exemplos e mecanismos de
acdo sugeridos (adaptado de COWAN, 1999 e PERUMAMY e GOPALAKRISHNAKONE,

2010).
Classes Subclasses Exemplos Mecanismos
Polifendis Fenois Catecol Privacao de substrato
simples : : .
P Epicatequina Rompimento de membrana
Acidos Acido cinamico
fendlicos
Quinonas Hipericina Ligacdo a adesinas, complexacdo com
parede celular e inativagdo enzimatica
Flavonoides Crisina Ligacao a adesinas, complexacdo com
parede celular e inativagdo enzimatica
Flavonas Abissinona Inativacdo enziméatica, inativacao da
transcriptase reversa HIV
Taninos Elagitaninos Ligacdo a proteinas e a adesinas,
inativacdo enzimatica, privacao de
substrato, complexacéo com parede
celular e com ions metdlicos,
rompimento de membrana
Cumarinas  Warfarina Interacdo com DNA eucariético

Terpenoides,
6leos essenciais

Alcaloides

Lectinas e
polipeptideos

Poliacetilenos

Capsaicina e Acido
imbérbico

Berberina e Piperina

Aglutinina especifica
de manose

WjAMP-1

Fabatina

8S -Heptadeca
2(2),9(2)dieno - 4,6-
diino-1,8-diol

(atividade antiviral)

Rompimento de membrana

Intercalante da parede celular e/ou
DNA

Formacéo de canais ibnicos na
membrana microbiana, inibicdo
competitiva da adesao de proteinas
microbianas aos receptores
polissacarideos do hospedeiro,
bloqueio da fusdo ou adsorcéo viral

Formacéo de pontes dissulfeto

N&o descrito
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Il - 3.1.1. Etnofarmacologia e o bioma Caatinga

Existem diferentes abordagens a fim de facilitaselacédo de plantas para a
busca de metabdlitos secundarios bioativos (CORD&L4Al, 1996; FABRICANT e
FARNSWORTH, 2001): (a) selecdo randbmica das ptambade todas as plantas
dentro de uma area geografica sdo coletadas eadaslpor um amplo espectro de
atividades bioldgicas (geralmente utilizando téaside “high throughput screening”);
(b) selecao das plantas a partir de estudos taxoodém quimiotaxondémicos, a qual se
baseia na premissa de que plantas relacionadaanheadcapacidade genética para
produzir metabdlitos secundarios semelhantes; €t®c8o das plantas a partir de
relatos etnofarmacolégicos.

A etnofarmacologia é uma abordagem diversificadea @ descoberta de
compostos, que envolve a observacao, a descrightneestigacdo experimental de
plantas medicinais e suas atividades biol6gicaagf&ma conhecimentos de botéanica,
guimica, bioquimica, farmacologia, e muitas outlagiplinas como, antropologia,
arqueologia, histéria, e linguistica, que contrinupara a descoberta de produtos
naturais bioativos. Segundo Elisabetsky (1999), efinddo mais aceita de
etnofarmacologia é a exploracao cientifica inteigisnar dos agentes biologicamente
ativos, tradicionalmente empregados ou observaéts pomem. Como estratégia
para a investigacdo de plantas medicinais, a etnaf®logia combina as informacdes
adquiridas junto a comunidades locais que fazendasitora medicinal com estudos

qguimicos e farmacologicos em laboratérios de pesqui

A etnofarmacologia permite a formulacdo de hip&epeanto a(s) atividades
farmacolégicas e quanto a(s) substancia(s) ativegsponsavel(eis) pelas acbes
terapéuticas relatadas pelas populacdes usualaSABETSKY, 1999), utilizando
basicamente duas abordagens complementares (@R#72010; REYES-GARCIA,
2010):

(a) a validacdo da eficacia da medicina tradicigperla as pessoas que as
utilizam, contribuindo para (i) assegurar o regigtra preservacdo dos conhecimentos

tradicionais, conservando o patrimonio cultural eivel local, bem como para (ii)
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estimular o desenvolvimento de politicas publicaisres a protecdo da espécie contra

0s danos ambientais.

(b) a contribuicdo das informacgdes obtidas a patér medicina popular
associada a evidéncia cientifica, sendo um valaatho para guiar os estudos de

bioprospeccao e aumentar o sucesso na descobenaakefitofarmacos.

Um estudo etnofarmacologico necessita a interacaoltidisciplinar,
envolvendo, os seguintes passos (ELISABETSKY, 1999)

1 - Coleta das plantas e analise dos dados farowicos;
2 - ldentificacdo boténica, e deposito de mateeisiemunho em herbario;

3 - Andlise quimica preliminar para detectar ass#da de compostos presentes

na parte da planta utilizada medicinalmente (fadgano);

4 - Estudo farmacoldgico preliminar dos extratogyetais em modelos
experimentais relacionados as acdes farmacologitegeridas pela analise das

informacdes populares;

5 - Fracionamento quimico, onde as fracdes deeisgersédo detalhadas pelo uso

de técnicas analiticas;

6 - Estudo farmacolégico abrangente e toxicologia-ghinica de fracdes

padronizadas ou compostos purificados;

7 - Elucidacdo das estruturas das substanciassasigkadas e/ou obtencéo de
derivados semi-sintéticos.

Fabricant e Farnsworth (2001) mostram que os fémagmovenientes de
plantas de maior utilidade na medicina foram desdob pelo acompanhamento de
usos etnofarmacolégicos, incluindo o0 sedativo eslempina, o antitumoral
teniposideo, os diuréticos e broncodilatores tenbra e teofilina, dentre outros. A

Tabela 5 correlaciona alguns estudos etnofarmaicol®@ atividade antimicrobiana.
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A diversidade da flora ndo esta distribuida unitemmente em todo o planeta,
sendo que aproximadamente 70% das espécies do nuomdem apenas em 12
paises: Austrélia, Brasil, China, Colémbia, Equadodia, Indonésia, Madagascar,
México, Peru e Zaire (BASS@t al, 2005). Neste contexto, o Brasil possui uma
posicao de destaque, contando uma grande biodladesi(Floresta Amazoénica, Mata
Atlantica, Floresta de Araucérias, Cerrado, Caatm@ampa) e um rico conhecimento
tradicional acumulado pelas populac6es locais ggsyem acesso direto a natureza e
aos produtos desta biodiversidade (BAS&QOal, 2005; ALBUQUERQUEet al,
2007). A extensao do pais, particularmente na &@ird¢orte-Sul, cobre uma grande
variedade de climas, tipos de solo e altitudespefoendo um conjunto Gnico de
pressdes seletivas para a adaptacéo da vida vegetals diversos cenarios. Estima-se
gue apenas 5-15% das plantas superiores tém sstEmsiicamente investigadas
quanto a presenca de compostos bioativos, destefarbiodiversidade permanece
amplamente inexplorada (PIETERS e VLIETINCK, 2005).

A regido da Caatinga ocupa uma area de 800.060datrindo quase 60% do
territério nordestino do Brasil e uma pequena pdeeregido sudeste do estado de
Minas Gerais (ARAUJGet al, 2007). A Caatinga é o Unico bioma exclusivamente
brasileiro, caracterizado por savana semi-aride, apresenta temperaturas elevadas
(média anual de 27,5 °C), com baixa e irregulavipkidade (média anual de 250-500
mm) (BASSOet al, 2005; COUTINHO, 2006; ALVE®t al, 2011). Os solos séo de
diferentes origens e, via de regra, sdo quimicaendatteis, bem drenados, e
oxigenados. A estacdo seca dura sete meses ouseIaiE) que o inverno é a estacao
chuvosa, em que as temperaturas nédo sao tdo BASSQ et al, 2005). Assim, a
paisagem da regido é dominada por um mosaico theagofisiondmicas, como a
arborea, a arbustiva e a espinhosa, todas adamasiasa (COUTINHO, 2006). No
Nordeste do Brasil vivem diferentes comunidadesc&n as quais praticam a
agricultura de subsisténcia, pecuaria e colheita pedutos florestais
(ALBUQUERQUE- et al, 2007; ARAUJCet al, 2007).
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Vérias publicacbes descrevem que a rica flora desj@&io possui diversas
propostas medicinais para as comunidades rurai®RfA& al, 2007a, 2007b, 2008;
ALBUQUERQUE et al, 2007; CARTAXOet al, 2010), entretanto, muitas espécies
ainda ndo foram submetidas a estudos cientificoa panfirmar sua eficacia no
tratamento de uma determinada doenca (CARTAXa@I, 2010). A investigacao das
plantas conhecidas pelo uso etnomedicinal na régifideste brasileira, realizada por
Agra e colaboradores (2008), revelou um total d@ @Spécies e 407 géneros
pertencentes a 111 familias. Destas espécies, @erta6 sdo exoticas e cultivadas na
regido, correspondendo a cerca de 20% do total. tagdo a regido da Caatinga,
389 espécies de plantas séo utilizadas pela pd@wllozal com fins medicinais
(ALBUQUERQUE et al, 2007).

Diante da infinidade de espécies que apresentaigaiiiks etnofarmacoldgicas
e que possuem potencial quimico e farmacologica parias propostas medicinais,
fica evidente que estudos cientificos para a comapra efetividade sdo necessarios.
Assim, as espécies da Caatinga, sujeitas a um atalile extrema seca o qual poderia
conduzir a uma producdo diferenciada de metabdo§indarios, associadas ao
conhecimento tradicional da comunidade local, sgr&am uma valiosa fonte para

prospeccédo de produtos naturais bioativos.

Il — 3.1.2. Fracionamento bioguiado de extratos aqsos: 0 estudo de taninos

Apods a coleta e identificacdo do material vegetglasso seguinte € de extrema
importancia: a escolha de solvente para a extrdé@muentemente sdo utilizados
solventes organicos polares ou moderadamente polxré&ratos aquosos geralmente
sdo evitados por conta de sua complexidade, entioetaa medicina tradicional a
preparacdo dos remeédios € realizada através dac&astrcom agua ou ainda com
cachada (SAMUELSSONt al, 1985). E preciso, portanto, considerar que sasest
plantas contém compostos farmacologicamente aBves estes sdo extraiveis pela

agua, o uso de outros solventes pode prejudicartederir na detectacdo da atividade
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farmacoldgica relatada pelo uso popular. Neste estmt merece destaque a
purificacdo de compostos ativos atraves do fracmmmao bioguiado, onde apds a
triagem primaria com bioensaios, 0s extratos quaodstram uma expressiva e
reprodutivel atividade podem ser submetidos aadinamento. Neste procedimento, 0
extrato fracionado e cada fracdo que é produzidantie este processo sdo avaliados
em ensaio biologico, sendo que somente as fra¢deas aerédo fracionadas novamente
até a etapa de purificacdo de um composto biolowose ativo (SAMUELSSONt

al., 1985; CORDELL et al, 1996; HOSTETTMANN, 1998; PIETERS e
VLIETINCK, 2005) (Figura 7). O isolamento dos canshtes farmacologicamente
ativos de plantas, quando possivel, € um longoegeac Por esta raz&o o rastreamento
fitoquimico, gera informacdes sobre as classestasiis dos compostos presentes em
extratos ou nas primeiras fases de fracionameatalosimportantes para direcionar 0s

passos subsequentes de purificacéo.

Planta Medicinal

g

Extrato(s)

g

Rastreamento fitoquimico prelimina
e/ou desreplicacéo

J _

Etapa(s) de purificacéo

g ,,

Composto(s) purificado(s) ativo(s)| —» Vias de acéo bioldgica

g

Elucidacao estrutural

=

Bioensaio(s)

Figura 7. Etapas no processo de purificacdo quimica gupdoatividade biologica (adaptado de
PIETERS e VLIETINCK, 2005).
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Uma vez determinada a extracdo do material vegetal agua, a presenca de
saponinas, flavonoides, lectinas e taninos como/gwais classes de compostos
bioativos deve ser considerada. Taninos sdo coogpdehdlicos sollveis em agua
com massa molecular entre 500 e 4000 Daltons. dicedilmente, sdo classificados
segundo sua estrutura quimica em dois grupos: danhidrolisdveis e taninos
condensados (SANTOS e MELLO, 1999). Os hidrolissigéio caracterizados por um
grupo poliol central, geralmenfe- D — glicose, cujas funcdes hidroxilas sao péarcia
ou totalmente esterificadas com o acido galicoqgen de galotaninos) ou com acido
hexa-hidroxidifénico (no caso de elagitaninos) (iFgg8A e B), formando estruturas
condensadas de unidades monomeéricas que se irgetaon Ja 0s taninos
condensados, também conhecidos como proantociarjdgdio estruturalmente mais
complexos que os hidrolisaveis, constituindo-seldgmeros e polimeros formados
pela policondensacdo de duas ou mais unidades aganfB-ol (referidas como
catequinas) ou flavan-3,4-diol (pertencente a eldss leucoantocianidinas) ou, ainda,
a mistura de ambos (CHUN& al, 1998) (Figura 8C e D).

COOH COOH COOH
Apos hidrélise aC|da
Iactonlza(;ao OH
HO OH HO OH

Acido galico Acido hexa-hidroxidifénico Acido elag|co
C D
OH OH OH
HO Oﬁ""‘\@OH HO O@OH HO O\’/@OH
3, .
OH OH
Flavan-3-ol: Catequina Flavan-3-ol: Epicatequina Flavan-3,4,-diol

Figura 8: Precursores de taninos hidrolisaveis: acido galk) e acido hexa-hidroxidifénico que
produz apos degradagdo em meio acido o &cido eldBic Precursores de taninos condensados
derivados de flavan-3-ol: catequina e epicateq@®lae a estrutura basica de flavan-3,4-diol (D)
(Adaptado de CHUNGt al, 1998).
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Uma das principais caracteristicas destes polisgrgstruturalmente ricos no
namero de hidroxilas, € a capacidade de formar g insollveis em agua com
alcaloides, proteinas e outras macromoléculas (S28€ MELLO, 1999), fato que
Ihes confere diversas propriedades. Os taninostrsd@icionalmente utilizados no
curtimento do couro, sendo esta uma importanteagdo comercial, assim como para
o desenvolvimento do sabor e cor do vinho tintoadtg o processo de
envelhecimento. Além disso, os taninos séo utitizaplara a fabricacdo de adesivos
para madeira (Pl1ZZl, 1977; KIM, 2009) e também comesinas de purificacdo de
agua (BELTRAN-HEREDIA e SANCHEZ-MARTIN, 2009).

A adstringéncia de muitos frutos é também confepdi propriedade dos
taninos de precipitar as glicoproteinas saliva@sapel bioldgico de taninos como
uma estratégia de defesa nas plantas € bastastigado (MONTEIRGCet al, 2005).
Estudos demonstram que taninos diminuem a taxareagdo de herbivoros por
serem impalatdveis e por apresentarem potencialnuémtional devido a
adstringéncia, afastando os predadores naturaili (EtEal, 2002). Taninos também
apresentam diversos modos de defesa para comlztrihs, fungos e leveduras,
dentre eles: a inibicdo de enzimas microbianasestnlares, a privacao de substratos
e ions necessarios para o crescimento microbianacdo em membranas microbianas
(SCALBERT, 1991). Outras acdes fisiologicas e farohdgicas, como antiviral,
antiparasitaria, antioxidante, anticarcinogénic&mb como carcinogénica estao
relatadas na literatura (HASLAM, 1996; CHUMNGal, 1998).

Muitas espécies produtoras de taninos sado usadased&ina popular para
diferentes finalidades, destacando as propriedadisicrobianas, as quais sao bem
documentadas. De forma que os taninos eram recddiosecomo residuos ineficazes
dos produtos fotossintéticos e respiratorios, pswesiudos tém avaliado o potencial
medicinal de tais compostos (MONTEIRS al, 2005). Os métodos mais indicados
para a determinacdo de taninos sdo os de preéipi€ proteinas, enquanto que 0s
ensaios colorimétricos sdo amplamente utilizados estimar a quantidade de taninos

especificos (MONTEIR@t al, 2005). Os ensaios colorimétricos ndo fornecenoslad
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guantitativos acurados, principalmente devido a@dbantendimento em relacdo as
estruturas dos taninos, a dificuldade de selecaopadrdo que represente fielmente
a amostra e devido ao fato de que néo exista uradmétleal para caracteriza-los.
Entretanto, os mesmos podem ser utilizados pasa dan propostas comparativas
(MUELLER-HARVEY, 2001; SCHOFIELDet al, 2001; HUMMER e SCHREIER,
2008). No caso de polifendis de alta massa molecelmbora a separacdo e a
elucidacéo estrutural sejam bastante dificeis,dbe&igrande diversidade dos taninos e
a sua capacidade de complexacdo com diversos ctrapa@dguns métodos estdo
sendo aplicados com este propdsito. Destacam-s® @l técnicas cromatograficas
por exclusdo de tamanho, por adsorcédo (fase eséa@Eaormal) e por contra-corrente
como efetivas para a purificacdo destes compostosaabrdo com o grau de
polimerizacdo e, o uso de espectrometria de massascaracterizar a distribuicdo de
massa molecular de constituintes oligoméricos (ORWHD al, 1989; YANAGIDA et

al., 2003).

Il - 3.2. Modificacéo de superficies

Polimeros sdo amplamente utilizados como biomédezia proteses, cateteres,
nos sistemas de “drug delivery” e na engenharitedelos (LANGER e TIRRELL,
2004; LUTOLF e HUBBELL, 20035. Entretanto, como relatado no item “l - 2.
Importancia clinica e impacto econdmico das infesgc@ssociadas a biofilmes”,
materiais que séo utilizados como dispostivos bthoes sdo facilmente colonizados

por microrganismos apos a sua implantacao.

O tipo de material utilizado na fabricacdo dos o$fvos biomédicos pode
diferenciar em relacéo a propenséao de adeséo iaactdROCHFORDet al, 2012).
De acordo com Darouiche (2001), o cloreto de polai (PVC) favorece mais a
adeséao bacteriana do que o teflon; o polietilerif) (Rais que o poliuretano (PU); o
latex mais que o silicone; o silicone mais que ligicafluoretileno (PTFE); e o0 aco

inoxidavel mais que o titanio. Além disso, supéelcirregulares e texturizadas
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favorecem mais a adeséo bacteriana do que supsrfagjulares e lisas. As respostas
biolégicas a materais poliméricos dependem basictm#a quimica e estrutura das
superficies envolvidas, e a utilizacdo de materimplantaveis tem progredido
rapidamente, de modo que a modificacdo de superfiei materiais se torna de
extremo interesse (VON EIFF et al, 2005; PAVITHRA e DOBLE, 2008;
FERNEBRO, 2011).

A modificacdo de superficies, de maneira geralmger (a) modificar a
superficie externa de um material para dificultaad@sdo e colonizacdo microbiana
e/ou facilitar a biocompatibilidade material-tegidonantendo inalteradas as
propriedades mecéanicas, o volume e as funcionaglatesejaveis do material
(BALAZS et al, 2004; ZHANGet al, 2006; CHENGet al, 2008; HAUSERet al.,
2009; KADOR e SUBRAMANIAN, 2011; BAZAKAet al, 2012) e, (b) introduzir
sitios na superficie do material para a imobilivagé moléculas ativas (GODDARD e
HOTCHKISS, 2007). A Figura 9 destaca, de forma $ds\p algumas técnicas

existentes para realizar a modificacéo de supesfide materiais.

Técnicas de modificacao de superfi

Métodos fisic-quimicos Métodos biolbgicc
Modificacdes fisice ModificacBes quimice . . ,
® Adsorcao de biomoléculas
® Implantacdo por feixe de Covalentes: ® Imobilizacdo de biomoléculgs
fons ® Oxidagéo (enzimas e farmacos) via “crgss
* Fotoquimica * Reacdo de reducio linkers” ou via plasma iénico

® Tratamentos com gas ® Reacao de adicao
ionizados: descarga de plasma,
descarga de corona; tratamentdN&o covalentes:

a chama, irradiacdo UV ® Quimica Umida (adsorc&o

via interacfes eletrostéticas -
coberturas por solventes ou
de aditivos ativos de
superficie)

Figura 9: Algumas técnicas de modificacdo de superficiend¢eriais (adaptada de GODDARD e
HOTCHKISS, 2007 e PAVITHRA e DOBLE, 2008)
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Il - 3.2.1. Modificag&o via plasma iGnico

Plasma é um estado altamente energético da matérgual um gas é ionizado

a particulas carregadas, elétrons e moléculasaseio processo de modificacdo de
superficies a plasma, uma descarga de plasma éagateavés da evacuacdo da
camara e do preenchimento da mesma com um gaxa fr@ssdo. O gas é entao
energizado, através de fontes de energia (radiodrega, corrente direta ou por
microondas) e a superficie em contato com o plasrhambardeada pelas espécies
energéticas geradas. A natureza das interacoesangspecies reativas e a superficie
determinaréo o tipo e o grau de modificacdo quireiéiaica (Figura 10 e 11) (CHEN

e CHANG, 2002; DENES e MANOLACHE, 2004; BAZAK#ét al, 2011).

No tratamento a plasma, diversos gases podem demadds, como ar,
nitrogénio, argdnio, oxigénio, 6xido nitroso, hélietrafluormetano, vapor de agua,
diéxido de carbono, metano e amobnia (BAZAK#& al, 2011). A técnica é
considerada altamente versatil, uma vez que a Egwa cada um destes gases pode
levar a introducdo de diferentes funcionalidadeBngpas, as quais sdo altamente
dependentes da composicdo quimica do material gadautilizado. Por exemplo,
oxidacdes, nitretacBes, hidrolises ou aminacdedasma aumentam a energia de
superficie e a hidrofilicidade do material, mudaxésta maneira a sua interagdo com
0 ambiente. Radicais livres que também sédo formadoem levar a processos de
funcionalizacdo, remocéao e reticulacéo (Figura(B&ZAKA et al, 2011). Dentre as
técnicas fisicas de modificacdo de superficiesJagnma ibnico apresenta algumas
vantagens, devido ao custo relativamente baixcédaida, baixo impacto ambiental
(ndo gera residuos quimicos), e a possibilidadeattificar a superficie de diferentes
materiais, como polimeros, metais e ceramica e asmo tempo esteriliza-los
(RAINER et al, 2010). O plasma ibnico é efetivo a temperatuaiamid sem causar
dano a materiais termosensiveis. Ele pode seraapli@a materiais com as mais
diversas formas, 0 que pode ser um problema pdrasoiécnicas de modificacédo de
superficie, e a reacdo ocorre em profundidades coemtenas de angstroms a

micrémetros, néo alterando as propriedades de wtlormaterial (LOH, 1999).
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Entrada de gas
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Figura 10: A. Esquema de uma camara de plasma. B. Os poscdesmodificagdo de superficie que
podem ser alcancados utilizando a técnica de pléadaptado de DENES e MANOLACHE, 2004 e
BAZAKA et al, 2011).



74

T iﬁg

et

~

N~ s

Figura 11: A esquerda: camara de plasma do Laboratorio ¢eer§eies e Interfaces Sdlidas -
Instituto de Fisica da Universidade Federal do@iande do Sul. A direita, o processo de plasma de
nitrogénio e hidrogénio sob uma placa de poliastire

A realizacdo de todo o potencial do plasma a unematespecifico depende,
entretanto, da aplicacéo ideal dos parametros asepsamento (tipo de gas e tempo
de exposicao, fluxo, pressdo de operacéo, dist@zcisuperficie a fonte de plasma,
dentre outros). Diversos trabalhos vém demonstrang@ande potencial das técnicas
de plasma em evitar a adesao bacteriana e previbimmacao de biofilme através da
criacdo de superficies antiaderentes, incluindeerizas, como: o PVC com o uso de
plasma de oxigénio (ZHANGt al, 2006); o silicone e o titdAnio com plasma de
argonio (EVERAERTet al, 1998; AMOROSOet al, 2006); o PE com plasma de
prata e mistura de prata com nitrogénio (ZHARGal, 2008); o politereftalato de
etileno (PET) com o uso de plasma de hélio e nastde hélio e oxigénio
(KATSIKOGIANNI et al, 2008). Em adicdo, Joaquin e colaboradores (2009)
mostraram que biofilmes podem ser erradicados o ke descarga de plasma de
hélio, sustentando ainda mais o potencial do plasomao método de esterilizacao.

Além de o plasma ter uma atrativa aplicacdo conrarigenta Unica na modificacdo de
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superficies para fins biomédicos, conforme os eiesngtados acima, as superficies
modificadas por plasma também podem servir como platforma para futuros
processos de modificacdo (como o ancoramento droéoulas e outras estruturas
funcionais), criando propriedades no material jpgiacacoes especificas (BALAZS
al., 2004; GODDARD e HOTCHKISS, 2007).

Il — 3.2.2. Recobrimento de superficies com compast bioativos

O recobrimento de superficies com os mais diversmapostos bioativos
passou a ser fortemente investigado para prevenifodmacdo de biofilmes em
biomaterais. Este recobrimento pode ocorrer, bamoge, por adsorcéo ou por ligacao
covalente do composto com a superficie. A tabagenplifica materiais e coberturas
com fungdes anti-infectivas, destacando o estadal @m que se encontram as

avaliacdes biologicas ou clinicas.

Conforme a tabela 6, os principais biomateriais coobertura atualmente
disponiveis no mercado sdo aqueles com revestisientoase de antissepticos ou
antibacterianos. Entretanto, um dos principais fiesé obter “in vivo” a efetividade
encontrada nos experimentos “in vitro”, principairge em periodos de uso mais
prolongados. Um estudo de metanalise sobre catatererios mostrou que o uso de
cateteres cobertos por liga de prata, por mino@gifampicina ou nitrofurazona,
diminui o risco de infecc&o do trato urinario atoysrazo (menos de uma semana) em
adultos hospitalizados, entretanto, apos este queri@ reducdo ndo foi significativa
(SCHUMM e LAM, 2008). Da mesma maneira, endopr@eseetrais expansiveis
(“stents”) cobertas com triclosan ndo apresentagfatividade para reduzir infeccoes
urinarias em longos periodos de uso (120 dias) (EAX et al, 2009). Da mesma
forma, clinicamente, os cateteres revestidos camexidina ou sulfadiazina de prata
nao mostraram vantagens na prevencao de sepse l@pdoreaos cateteres nao-
revestidos (PEMBERTOMt al, 1996). Uma desvantagem adicional dos cateteres

com clorexidina sdo os relatos de choque anafila(@TEPHENSet al, 2001).
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Embora Balazs e colaboradores (2004) tenham deradonstjue a incorporacao de
fons prata na superficie de tubos endotraqueaisesgiemamente efetiva na reducéo
da colonizacdo bacteriana, cateteres urinariosstielos com prata ndo apresentaram
diferenca significativa nas taxas de infeccdo elacé® a cateteres ndo modificados,
em estudo incluindo 1.300 pacientes (SCHIERHO&Z al, 1999). Evidéncias
experimentais sugerem que a diminuida atividadenambbiana pode ser devida a
adsorcao de ions de prata a albumina. Ja os camspstamoénio quaternario, alguns

tém se mostrado toxicos para as células humanaSANAINE et al, 2000).

Por outro lado, resultados promissores tém sidoodstrados em estudos de
impregnacdo do antisséptico gendine (violeta geacia clorexidina) a cateteres
urinarios e a tubos endotraqueais (CHAIBANal, 2005; HACHEMet al, 2009;
RAAD et al, 2011). Considerando o cateter venoso centralestodo de metanalise
indicou que a cobertura de cateteres por antibaotes, principalmente
minociclina/rifampicina, reduzem as infeccfes samgas relacionadas ao cateter
(HOCKENHULL et al, 2009). Da mesma forma, a imobilizacdo de artttmé em
implantes ortopédicos, principalmente em titanigvme a colonizacdo bacteriana,
mas a eficacia a longo prazo ainda néo foi esteideldHICKOK e SHAPIRO, 2012).
Recentemente, a imobilizacdo de peptideos antibviemnos (AMPSs), isolados de
animais, plantas, bactérias, fungos e virus, enersibs biomateriais tém sido
investigada. Estes peptideos oferecem vantagessnsds: eles exibem propriedades
bactericidas e fungicidas em concentragcdes muitcabpasendo menos propensos a
promover resisténcia bacteriana. Além disso, exileenalta estabilidade, sendo
resistentes a alteracdes de temperatura e pH, guandontram-se imobilizados
(COSTAet al, 2011).

Entretanto, o uso da profilaxia antibiotica € comérso devido a curta duracéo
da sua eficicia, uma vez que ocorre a liberacGmatono na circulacéo, e devido ao
potencial para aumentar a resisténcia aos antimaros (VON EIFFet al, 2005).
Isto resulta na demanda por coberturas alternatbeaso moléculas que controlem a

adesdao bacteriana por vias que nao envolvam géaillo crescimento bacteriano.
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Tabela 6: Exemplos de materiais e coberturas com fungbesrdattivas, “status” atual e exemplos
de aplicacao clinica (adaptada de BUSSCHER., 2012).

Funcionalidade Base quimica “Status” atual Aplicaciinica
Antiadesiva Revestimento de polimero Aplicado clinicamente  Lentes de contato,
hidrofilico tubos endotraqueais,
cateteres urinarios
Revestimento de polimeros Experimentos “in N&o especificado
em escova vitro” e em animais
Integradora de  Peptideos promotores de  “In vitro” Enxerto vascular
tecidos adeséao celular
Revestimento de Aplicado clinicamente  Implantes ortopédicos
hidroxiapatita e dentarios
Revestimento de filmes finos‘In vitro” Implantes dentarios
de titanio
Matadores de Imobilizacdo de compostos “In vitro” N&ao especificado
contato de ambnio quaternario
Revestimento de selénio “In vitro” Lentes de camtat
Revestimento de prata Aplicado clinicamente  Cateteres urinarios
Liberadores de  Acrilatos liberadores de Aplicado clinicamente  Proteses ortopédicas
antimicrobianos  antibiéticos articulares

Liberadores de carbonato deAplicado clinicamente  Malhas cirdrgicas
prata e diacetato de
clorexidina

Revestimento de prata, Aplicado clinicamente  Cateteres vasculares
clorexidina, rifampicina ou
minociclina

Suturas liberadoras de Aplicado clinicamente  Suturas
triclosan

Revestimento de polimero Aplicado clinicamente  Malhas cirdrgicas
biodegradavel e gentamicina
Recobrimento Co-enxerto de polimero em “In vitro” Possivelmente para
multifuncional escovas e antibiético implantes de titanio

Co-enxerto de polimero em “In vitro” N&o especificado
escovas e ligante celular
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Considerando produtos naturais, o uso e potenghbtagdo comercial de
biosurfactantes no campo da medicina tém aumentadante a Ultima década.
Biosurfactantes incluem diversas estruturas quinidais como glicolipideos,
lipopeptideos, complexos polissacarideo-proteimasfofipideos, acidos graxos e
lipidios neutros (RODRIGUESet al, 2006a). A adsorcdo de biosurfactantes,
produzidos por lactobacilos, em superficies demik demonstra-se capaz de inibir a
adesao de bactérias e fungos (RODRIGWEESI, 2006b). Os estudos de Rodrigues e
colaboradores (2006a e 2011) revisam com detalhebversos biosurfactantes com
potencial para revestimento de superficeegtaca que a utilizacdo dos mesmos tém
sido limitada pelo custo de producado relativamealt® e por haver escassas

informacgdes sobre a toxicidade em humanos.

Polissacarideos (quitosana e quitosana/pectinaamforcovalentemente
imobilizados em PVC através de ativacdo da superdimm descarga de plasma. Estas
superficies funcionalizadas foram caracterizadadp@rsas técnicas e apresentaram
uma reducéo de 50% e 20% na adesaB.dmli, respectivamente (ASADINEZHAD
et al, 2010). O revestimento de superficies com produégetais bioativos também
estd sendo investigado, sendo que um dos princgesafios € a manutencdo da
atividade biolégica de um composto, mesmo quantiborem uma superficie. Bazaka
e colaboradores (2010) enfocam esta problematioadescrever a sintese e a
caracterizacdo de substratos revestidos por fiimes de terpinen-4-ol, o principal
constituinte antimicrobiano do 6leo déelaleuca alternifolia para a prevencdo do
crescimento d@. aeruginosaA técnica de plasma foi empregada para o ancartame
dos monOGmeros de terpinenol e a inibicdo do cresdion deP. aeruginosafoi

atingida.

A enzima disperina B, capaz de inibir a formacate goromover a erradicacao
de biofilmes, est4 sendo estudada juntamente camtigséptico triclosan em cateteres
Venosos centrais. Estes cateteres mostraram efi@mi evitar a colonizacdo de
S. aureusem modelo animal e uma atividade mais prolongaaoltida quando

comparado com cateteres revestidos por cloreXgliffadiazina de prata. O efeito
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sinérgico de combinacdo da atividade antimicrobidodriclosan e antibiofilme da
dispersina B *“in vitro”, pode ser devido ao fato de que a dispersina evita o
recobrimento bacteriano pela matriz de EPS, tormaxlcélulas mais suscetiveis a
acao antimicrobiana do triclosan (DAROUICIdEal, 2009).

Inibidores do sistem®S como as furanonas e o peptideo inibidor do RNA Il
também estdo sendo explorados quanto ao recobanumtsuperficies. Hume e
colaboradores (2004) descrevem a incorporacdo d@10-Bromoexil)-5-
dibromometileno- 2(5 H)-furanona em estireno e a lgyacdo covalente a cateteres
previamente ativados com descarga de plasma. Reéssltin vivo” mostraram a
inibicdo da colonizacdo p&. epidermidi® sugerem que as furanonas sejam capazes
de controlar a infeccdo por até 65 dias no modelmal. Cirioni e colaboradores
(2007) mostraram que “stents” ureterais revestidosn o peptideo inibidor do
RNAIII, implantados em bexigas de ratos, apresantaa formacao de biofilme d&
aureus suprimida. O “stent” revestido foi especialmenteaz quando combinado
com teicoplanina, aumentando a eficacia do antohiano na prevencéao de infeccoes

ureterais estafilococicas associadas ao “stent”.

Apesar das interacdes entre superficies (biotalaisticas, com ou sem filme
condicionante), e diferentes tipos de células @ad, fungos, células humanas)
serem muito complexas e de dificil entendimentantéea tantas variaveis, a
importante aplicacdo pratica destes estudos vemlspando os continuos esforcos

neste campo multidisciplinar de pesquisa.
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[ll-1. OBJETIVO GERAL

O presente trabalho tem como principal propostauscd por estratégias
alternativas para o combate da adesao bacterimmaacéo de biofilme.

lll - 1. 1. OBJETIVOS ESPECIFICOS

e Rastrear plantas da Caatinga que possuem indiocstg@darmacologica para
atividade antiformacdo de biofiime e antibacteriaz@ntra as bactérias modelo
Staphylococcus epidermiddsT CC 35984 d°seudomonas aeruginodd CC 27853;

° Realizar o fracionamento bioguiado do(s) extratb{eativo(s) com atividade

promissora visando a purificacdo de compostos sitivo

° Estudar as potenciais vias de acdo de extratosompastos purificados

envolvidos na ndo-adesédo de bactérias as supsniicidelo;

° Modificar superficies, utilizando como modelo o ipstireno, através do
recobrimento com fragcdes ou compostos purificaddislos dos extratos de plantas da

Caatinga e, testa-las quanto a adesao bacteriana;

° Avaliar a possivel citotoxicidade de extratos e postos ativos bem como a

compatibilidade de superficies modificadas comarspostos purificados;

° Modificar superficies, utilizando como modelo o ipslireno, através da
técnica de descarga de plasma idnico, com divgasss e testa-las frente a diferentes
bactérias de importancia médica, cotaphylococcus epidermidiStaphylococcus
aureus meticilina resistente e enterobactéri&ebsiella pneumoniae, Enterobacter

cloacae e Serratia marcescemsodutoras de carbapenemase

° Estudar os potenciais mecanismos envolvidos nadéeao de bactérias nas

superficies modificadas por plasma.
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Ethnopharmacological relevance: Medicinal plants from the Caatinga, a Brazilian xeric shrubland, are used
in folk medicine to treat infections. These ethnopharmacological data can contribute to obtaining new
antimicrobial/antibiofilm extracts and natural product prototypes for the development of new drugs. The
aim of this study was to investigate the antibiofilm and antibacterial activities of 45 aqueous extracts
from 24 Caatinga plant species.

Materials and methods: The effect of aqueous extracts on planktonic cells and on biofilm formation by

?g xggd& Brazilian medicine Staphylococcus epidermidis was studied by the ODggo absorbance and by the crystal violet assay, respec-
Caatinga tively. Scanning electron microscopy (SEM) was used to generate comparative images of extract-treated
Antibacterial and untreated biofilms. Chromatographic analyses were performed to characterize the active extracts.

Antibiofilm Results: The in vitro screening, at 0.4 mg/mL and 4.0 mg/mL, showed 20 plants effective in preventing

biofilm formation and 13 plants able to inhibit planktonic bacterial growth. SEM images demonstrated
distinct profiles of bacterial adhesion, matrix production and cell morphology according to different treat-
ments and surfaces. The phytochemical analysis of the selected active extracts indicates the polyphenols,
coumarins, steroids and terpenes as possible active compounds.

Conclusion: This study describes the first antibiofilm and antibacterial screening of Caatinga plants against
S. epidermidis. The evaluation presented in this study confirms several ethnopharmacological reports
and can be utilized to identify new antibiofilm and antibacterial products against S. epidermidis from
traditional Brazilian medicine.

Phytochemical screening
Staphylococcus epidermidis

© 2011 Elsevier Ireland Ltd. All rights reserved.

1. Introduction temperature in theregionis27.5°C(Alvesetal.,2011), the humidity

is low, and the average annual rainfall is 250-500 mm (Basso et al.,

The Caatinga, a xeric shrub-dominated biome of northeast-
ern Brazil, supports a high, yet poorly studied, diversity of plant
resources. Caatinga is a matrix of thorn shrublands and seasonally
dry forests, with pockets of montane rain forests and savannah.
It covers most of the states of Piaui, Ceard, Rio Grande do Norte,
Paraiba, Pernambuco, Alagoas, Sergipe, Bahia and the northeastern
part of Minas Gerais in Jequitinhonha Valley, occupying an area of
approximately 735,000 km? (Basso et al., 2005). The annual mean

* Corresponding author at: Faculdade de Farmadcia, Universidade Federal do Rio
Grande do Sul, Rio Grande do Sul, Brazil. Av. Ipiranga, 2752,90610-000, Porto Alegre,
Brazil. Tel.: +55 51 33086082; fax: +55 51 33087309.

E-mail address: alexandre.macedo@ufrgs.br (A.J. Macedo).

1 Both are first authors.

0378-8741/$ - see front matter © 2011 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.jep.2011.05.030

2005). With respect to soils, there is a predominance of luvisols,
eutrophic inceptisols and vertisols, in addition to sparsely scat-
tered rocky outcroppings (Ab‘Saber, 1974). They are fertile, well
drained, and oxygenated (Basso et al., 2005). The dry season lasts
seven months or more and the winter is the rainy season, in which
temperatures are not as high. These characteristics making the
Caatinga a peculiar kind of vegetation adapted to the prevailing
local ecological conditions.

A review of the literature from the northeast of Brazil reveals
that traditional medicinal practices have been used to treat a variety
ofillnesses including skin and gastrointestinal disorders, tuberculo-
sisand urinary tractinfections (Agraetal.,2007a,b). However, some
of them still have not been subjected to scientific study to confirm
their effectiveness for a given disease (Cartaxo et al., 2010). Taking
into account current concerns over bacterial multi-resistance, the
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Fig. 1. Geographical localization of PARNA do Catimbau (Buique, Tupanatinga and Ibimirim municipalities), Pernambuco state, Brazil.

screening of potential new antibiofilm and antibacterial agents as
therapeutic alternatives is an important issue.

Staphylococcus epidermidis has attracted substantial interest in
recent years because it has become the most important cause of
nosocomial infections (Vuong and Otto, 2002). Its pathogenicity
is mainly due to the ability to form biofilms (an important vir-
ulence factor), a process in which planktonic bacteria adhere to
a surface and initiate the development of sessile microcolonies
surrounded by an extracellular matrix, existing as a bacterial com-
munity (Otto, 2009). Biofilm-associated microorganisms have been
shown to be related to more than 65% of all medical infections,
including endocarditis, otitis, prostatitis, periodontitis, conjunctivi-
tis, vaginitis, and infections related to cystic fibrosis. In addition,
biofilms are important colonizers of a wide variety of medical
devices, such as catheters and prostheses (Donlan and Costerton,
2002). The costs linked to vascular catheter-related blood-stream
infections caused by S. epidermidis amount to an estimated US$2
billion annually in the United States (Otto, 2009). In a biofilm, the
bacterium is protected against attacks from both, the immune sys-
tem and antibacterial treatment, making S. epidermidis infections
difficult to eradicate (Vuong and Otto, 2002; Davies, 2003; Antunes
et al., 2011). The inhibition of virulence targets could bring new
antibacterial molecules with radically new mechanism of action
and represent an innovative therapeutic concept (Escaich, 2008).

Therefore, we screened 45 aqueous extracts from 24 Caatinga
plants, used in local traditional medicine, for the potential to inhibit
the biofilm formation and the planktonic bacterial growth of S.
epidermidis.

2. Materials and methods
2.1. Plant material: source, sampling and identification

Based on ethnobotanical information (Agra et al., 2007a,b and
local community information) the plants were collected from
several habitats at Parque Nacional do Catimbau (PARNA do Catim-
bau), Pernambuco, Brazil (Fig. 1), between July and August 2009.
Voucher specimens were identified at the herbarium of the Insti-
tuto Agronémico de Pernambuco (IPA), where a voucher of each
species was deposited (Table 1).

The aerial parts of the plants (leaf, fruit, inflorescence, branch
and cephalium - the flowering adult phase of a cactus), stem bark
and roots were dried in an incubator at 45°C, for 2-3 days. The
dried material was ground into powder using a grinder followed
by a blender (Waring Laboratory, USA).

2.2. Extracts

The powdered dried material was mixed for 15 min with water
[1:9; (w:v)] and kept in the dark at room temperature (22 °C) for
24 h. After this period the mixture was centrifuged for 10 min, at
10,000 rpm, and the supernatant was collected; the water was then
evaporated at 40°C, during 96-120h. A 1mg/mL and 10 mg/mL
aqueous solution were filtered through a 0.2 wm pore membrane
and stored at —20°C.

2.3. Phytochemical analysis

A preliminary phytochemical analysis to detect the major
components of the extracts was carried out using thin-layer chro-
matography (TLC) and high performance liquid chromatography
(HPLC).

The different extracts were developed by TLC plates
(Kieselgel 60 F254 0.2mm, Merck, Germany) using
dichloromethane:methanol (8:2) as eluent and visualized under
UV light (254 and 365nm, Handheld UV Lamp Model 9403E,
BioAmerica Inc., USA). Polyphenol compounds were detected with
aluminum chloride 1% and ferric chloride 2%, potassium hydroxide
5% was used for coumarins, Dragendorff’s reagent for alkaloids,
anisaldehyde/sulfuric acid for steroids and terpenes, ninhydrin for
amines and aminoacids, and iodine vapor as an universal reagent
(Wagner and Bladt, 1996).

The HPLC analyses were carried out on a Shimadzu LC-20AT
coupled to a Shimadzu SPD M20A diode array detector, and a
reversed-phase column Shim-pack VP-ODS (250 mm x 6 mm LD.,
Shimadzu) was used. Gradient elution was performed with solu-
tion A, acetonitrile:water (5:95 [v:v]), and solution B comprising
100% of acetonitrile, delivered at a flow rate of 0.6 mL/min as fol-
lows: initially 5% of solution B increasing up to 100% for 60 min and
finally 100% of B for 15 min. The injection volume was 20 p.L from
a solution at 2.5 mg/mL.

2.4. Surfaces, bacterial strain and culture conditions

Bacterial adhesion is determined both by the type of microor-
ganism and by the properties of the surface of the material involved
(Pavithra and Doble, 2008). Two surfaces were studied: sterile
96-well polystyrene flat-bottom microtiter plates (Costar 3599)
purchased from Corning Inc. (USA) as a model of a hydrophobic
material, and glass as a model of a hydrophilic material. Staphylo-
coccus epidermidis ATCC 35984 was grown in Mueller Hinton agar
(Oxoid Ltd., England) overnight, at 37 °C, and a bacterial suspension
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List of plant species from the Brazilian Caatinga for tested against S. epidermidis.
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Family Scientific name Popular name Voucher Usage forms, preparation and therapeutic indication

Anacardiaceae Myracrodruon Aroeira, IPA 84059  Drink or wash the affected site. A decoction or maceration of a handful of
urundeuva Alemao aroeira-do-sertao stem bark in a liter of water. Used in cases of ovarian inflammation and in

ulcerative external afflictions This species has many other medicinal
indications (Agra et al., 2007b).

Apocynaceae Allamanda blanchetii Quatro-patacas- IPA84112  Drink. One teaspoon of the latex in a cup of water. Latex is used as a
A.DC. roxa, laxative, emetic, cathartic and vermifuge. It is described as poisonous

leiteiro (Agra et al.,, 2007a,b).

Burseraceae Commiphora Imburana, IPA 84037  Drink or wash/bathe the affected site. A decoction of a handful of roots in a
leptophloeos (Mart.) amburana, liter of water is prepared with sugar as syrup. Used in the treatment of
J.B.Gillett imburana de influenza, coughs, bronchitis, to treat urinary and liver diseases. Also,

cambao external use against vaginal ulcers and others (Agra et al., 2007a).

Cactaceae Melocactus zehntneri Coroa-de-frade IPA 85028  Drink. Stem pulp is used mashed with sugar to treat bronchitis, coughs and
(Britton & Rose) physical debility (Agra et al., 2007a,b).

Luetzelb.

Combretaceae Buchenavia tetraphylla  Caicar6 IPA 84104  Drink. An infusion of stem bark or leaves is used as a digestive after meals
(Aubl.) R.A. Howard (Agra et al., 2007b).

Euphorbiaceae Jatropha mutabilis Pinhdo bravo, IPA 84054  Eat and drink. The oil extracted from seeds is ingested as a veterinary
(Pohl) Baill. pinhdo manso vermifuge and the latex is drunk to treat snake bites. A spoonful is used

once only (Agra et al., 2007b).

Fabaceae Cercideae Bauhinia acuruana Morord, pata de IPA 84042  Drink. An infusion or decoction of a handful of leaves in a liter of water it is
Moric. vaca drunk during the meals until the symptoms disappear. Used as tonic,

depurative and against diabetes (Agra et al., 2007a,b).

Fabaceae “Caesalpinioideae” Chamaecrista cytisoides Vassourinha IPA 84103 Drink. According to a local community the whole plant is used as a laxative
(DC. ex Collad.) H.S. and purgative.

Irwin & Barneby

Fabaceae “Caesalpinioideae” Chamaecrista desvauxii ~ Vassourinha IPA 84064  Drink. According to the local community the whole plant is used as a
(Collad.) Killip laxative and purgative.

Fabaceae “Caesalpinioideae” Libidibia ferrea (Mart. Pau ferro, juca IPA 84035  Drink. The stem bark in “cachaga” (bottled) is used against anemia,
ex Tul.) L.P. Queiroz diarrhea and dysentery (Agra et al., 2007b).
var. ferrea

Fabaceae “Caesalpinioideae” Pakinsonia aculeata L. Turco, tangerim IPA84113  Drink. The seeds are roasted, powdered, prepared as coffee and drunk as

tea until the symptoms disappear; used to treat fevers and malaria.
Prepared as an infusion or decoction of a handful in a liter of water and
drunk as antiepileptic, febrifuge, and to treat snake bites (Agra et al.,
2007a,b).

Fabaceae “Caesalpinioideae” Senna macranthera Pau fava, fedegoso  IPA 84045 Drink. According to the local community a decoction of a spoonful of the
(Collad.) H.S. Irwin & fruit in a cup of water is used against influenza and colds four times a day.
Barneby var.
macranthera

Fabaceae “Caesalpinioideae” Senna splendida Feijao-brabo IPA 84040  Drink. According to the local community the fruits are roasted, powdered
(Vogel.) H.S. Irwin & and prepared as coffee to be used against anemia. A cup is drunk after
Barneby meals until the symptoms disappear.

Fabaceae Mimosoideae Anadenanthera Angico IPA 84039 Drink. A maceration of a handful of stem bark in a liter of wine or
colubrina (Vell.) Brenan “cachaca” is used against coughs, whooping cough and bronchitis (Agra
var. colubrina etal., 2007a,b).

Fabaceae Mimosoideae Piptadenia viridiflora Jacurutu, IPA 84036  Drink. The stem bark is used in a decoction against asthma, intestinal
(Kunth) Benth. espinheiro-preto spasms and toothaches (Agra et al., 2007b).

Fabaceae Mimosoideae Pityrocarpa Canzenzo, angico IPA 84048  In communication with local people was informed that the stem bark and
moniliformis (Benth.) de bezerro, root are used as healing.

Luckow & R.W. Jobson  quipembe

Fabaceae Faboideae Dioclea grandiflora Mucuna, IPA 84057  Drink. A decoction of a handful of roots in a liter of water is used against
Mart. ex Benth. parreira-brava prostate inflammation. It is drunk in place of water until the symptoms

disappear (Agra et al., 2007a,b).

Fabaceae Faboideae Myroxylon peruiferum Balsamo IPA84110  Topic. In communication with local community was informed that the
L.f. stem-bark is used like as anti-inflammatory.

Malpighiaceae Stigmaphyllon paralias ~ Amarelinho IPA 84041 Drink. According to the local community the leaf is used as a decoction
A.Juss. against fevers and diarrhea, syphilis and kidney diseases.

Malvaceae Sida galheirensis Ulbr. Malva-veludo, IPA 84078  Drink or wash the affected site. According to the local community an
malva-branca, infusion of a spoonful of stem bark and root in a cup of water are used
malva, malvdo against acne, coughs and leucorrhea. Also used for skin afflictions (Agra

et al., 2007b).

Myrtaceae Eugenia brejoensis Cutia IPA 84033 Drink. According to the local community a decoction or infusion of the
Mazine leaves is drunk against diarrhea and dysentery. (Endemic plant).

Ochnaceae Ouratea blanchetiana Batiputa [PA 84044  Topical. The oil extracted by heat from the fruits is used against earache. It
Engl. is dropped into the ears until the pain disappears (Agra et al., 2007b).

Polygalaceae Polygala boliviensis Arrozinho IPA 84066  Drink or eat and topic. An infusion or decoction of a handful of leaves in
A.W.Benn. water is used as diuretic, emetic, expectorant and against blenorrheas. The

roots are eaten and placed above the affected area to treat snake bites
(Agra et al., 2007a,b).
Polygalaceae Polygala violacea Aubl.  Erva-iodeque IPA 84051 Drink or eat and topical. An infusion or decoction of a handful of roots in

water is used as a diuretic, emetic, expectorant and against blenorrheas.
The roots are eaten and placed over the affected area to treat snake bites.
(Agra et al., 2007b).
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in 0.9% NaCl, corresponding to 1 McFarland scale (3 x 108 CFU/mL),
was used in the assays.

2.5. Antibiofilm formation assay

Aprotocol adapted from Antunes et al.(2010), employing crystal
violet in 96-well microtiter plates and glass tubes was used. In the
case of microtiter plates, 80 wL of the bacterial suspension, 80 L
of the aqueous extract (concentration of 0.4 mg/mL or 4.0 mg/mL
in the wells) and 40 p.L of tryptone soya broth (TSB) (Oxoid Ltd.,
England) were added. In the case of glass tubes, 800 wL of the
bacterial suspension, 800 L of the aqueous extract (concentra-
tion of 0.4 mg/mL or 4.0 mg/mL in the tubes) and 400 L of TSB
were added. In both experiments, following the incubation period
(37°C for 24 h) the content of the wells/tubes was removed and
the wells/tubes were washed three times with sterile saline. The
remaining attached bacteria were heat-fixed at 60°C for 1h. The
adherent biofilm layer formed was stained with 0.4% crystal vio-
let for 15 min at room temperature. The stain bound to the cells

was solubilized with 99.5% DMSO (Sigma-Aldrich Co., USA) and
absorbance was measured at 570 nm (Spectramax M2e Multimode
Microplate Reader, Molecular Devices, USA). The biofilm formation
control was considered to represent 100% of biofilm formation, and
the extracts were replaced by 80 L and 800 L of water in 96-well
microtiter plates and glass tubes, respectively. Values higher than
100% represent a stimulation of biofilm formation in comparison
to the control.

2.6. Scanning electron microscopy

Biofilms of S. epidermidis ATCC 35984 were grown in 96-well
microtiter plates, as described in Section 2.5, with a piece of
Permanox™ slide (Nalge Nunc International, USA) or a glass cov-
erslip in each well. After 24 h of incubation at 37 °C, the samples
were fixed in 2.5% glutaraldehyde for 2.5 h, washed with 100 mM
cacodylate buffer pH 7.2, treated for 2 h with 2% osmium tetrox-
ide and dehydrated in increasing concentrations of acetone. The
Permanox™ slides and glass coverslips were dried by the CO,

Table 2
Biological activity of 45 aqueous extracts of Caatinga plants against biofilm formation and growth of S. epidermidis ATCC 35984.
Species Part used S. epidermidis
0.4 mg/mL 4.0 mg/mL
Biofilm formation (%) Bacterial growth (%) Biofilm formation (%) Bacterial growth (%)

Allamanda blanchetii Branches 1109 + 0.1 100.7 + 4.6 1832 + 1.7 33.0 + 31.7°
Allamanda blanchetii Leaves 93.1 £6.2 108.1 £ 7.0 742 + 7.6 170.6 + 12.5
Anadenanthera colubrina var cebil Fruits 118.0 + 14.1 919+ 54 101.0 + 6.8 131.2 + 13.8
Anadenanthera colubrina var cebil Leaves 167.1 £ 1.1 93.8 + 144 119.4 + 2.6 257.6 + 4.7°
Anadenanthera colubrina var cebil Branches 1132 + 123 102.2 + 4.3 130.8 + 5.6 207.5 + 0.6°
Anadenanthera colubrina var cebil Stem bark 136.8 + 10.2 952 4+ 7.5 116 +£ 1.7 639 +58
Bauhinia acuruana Branches 99.0 + 7.2 83.1 £ 9.6 183 £ 3.7 184.0 + 8.0
Bauhinia acuruana Fruits 1214 4+ 12.2 81.6 +7.2 222+ 50 1354 +3.1°
Bauhinia acuruana Leaves 128.0 + 14.5 741+ 1.6 1445 + 3.9 3431 +70
Buchenavia tetraphylla Leaves 179.4 + 6.5 136.0 + 5.9 1774 + 94 268.5 + 19.5°
Chamaecrista desvauxii Leaves 103.8 + 49 91.4 + 10.5 126.2 + 12.9° 153.6 + 12.4°
Chamaecrista desvauxii Fruits 68.3 +2.7 154.7 + 12.5 12.6 £ 1.3 2013 +£9.9
Chamaecrista cytisoides Branches 108.4 +17.5 113.0 £ 6.9 131.1 £ 9.0° 122.5 + 6.6
Commiphora leptophloeos Branches 153.8 + 9.6 97.2 + 8.3 1741 + 0.8 1446 + 3.1
Commiphora leptophloeos Stem bark 327 £85 933 + 5.1 153 £ 1.3 0+45
Dioclea grandiflora Leaves 166.1 £ 6.5 109.9 + 13.9 172.4 + 12.0° 178.4 + 6.6
Dioclea grandiflora Branches 1109 £ 45 92.7 £ 4.6 177.8 + 18.0° 99.2 +44
Dioclea grandiflora Fruits 86.5 + 5.1 107.6 +£ 5.4 68.5+ 1.9° 127.5 + 11.9°
Eugenia brejoensis Leaves 140.3 + 23.1 912 +24 76.0 + 6.9 131.8 + 1.2°
Jatropha mutabilis Roots 1103 £ 175 87.6 + 4.3" 2273 +78 130.6 + 8.5
Jatropha mutabilis Branches 102.0 + 7.2 823+ 7.1 201.7 + 7.4 177.4 + 16.9°
Libidibia ferrea var ferrea Leaves 106.0 + 13.5 113.6 + 145 122.0 + 11.0° 160.5 + 1.1°
Libidibia ferrea var ferrea Fruits 120.7 £ 12.2 133.0 + 34 30.0 + 1.2 1789 + 0.5
Melocactus zehntneri Roots 66.5 + 6.8 1224 + 3.1 86.2 +£9.9 139.0 + 5.5
Melocactus zehntneri Cephalium 68.8 + 7.8 100.8 + 5.0 1544 + 5.3 206.0 + 7.7
Myracrodruoun urundeuva Branches 81.5 + 14.5 82,6 +11.9 159.1 + 7.9 158.1 + 12.2°
Myracrodruoun urundeuva Leaves 714+ 5.8 90.3 + 5.1 1715 + 8.4 161.4 + 20.3°
Myracrodruoun urundeuva Stem bark 1412 + 7.2 99.7 + 1.6 16.1 + 0.4 62.7 +34°
Myroxylon peruiferum Leaves 716 £24° 146.1 + 4.1 53.6 + 6.7° 1954 + 6.1°
Ouratea blanchetiana Branches 195.5 +10.2 1172 £ 9.8 1222 +£2.7 239.9 + 8.6
Ouratea blanchetiana Leaves 172.8 £ 14.2 1304 £ 11.2 50.0 + 2.5 273.1 +£9.8
Parkinsonia aculeata Leaves 902+ 114 1029 + 12,9 472+ 120 852 +2.7
Piptadenia viridiflora Branches 914 + 17.0 1073 £ 94 117.2 £ 26.0 1024 + 1.4
Piptadenia viridiflora Fruits 853 +11.6 98.6 + 10.2 613 +9.2 2185+ 17.7°
Pityrocarpa moniliformis Leaves 108.7 + 3.8 126.1 £ 11.2 23.0+ 0.7 266.7 £ 6.2°
Polygala boliviensis Inflorescences 105.9 + 5.0 101.1 £ 49 1122+ 7.6 2443 + 1.7
Polygala boliviensis Leaves 111.1 £ 8.7 92.7 £ 9.5 93.0 + 10.1 134.3 + 5.8
Polygala boliviensis Branches 75.7 £ 12.4 83.1+10.1° 96.5 + 6.3 154.6 + 12.8
Polygala violacea Leaves 93.8 + 2.1 1139 + 2.7 86.2 + 4.7° 166.5 + 8.2°
Polygala violacea Roots 82.8 +10.2 90.5 + 9.0 526 + 7.4 138.1 + 4.1
Senna macranthera Fruits 433 +3.1° 152.8 £ 8.7 103.4 + 13.8 88.9 + 10.6
Senna splendida Branches 98.0 + 0.7 104.8 +£ 0.5 58.8 + 2.3 164.5 + 1.3°
Sida galheirensis Branches 88.2 + 14.0 126.7 + 10.6 110.0 + 24.8 112.0 + 3.6
Sida galheirensis Leaves 84.8 + 8.0 105.8 £ 7.8 95.0 + 8.3 107.3 + 8.6
Stigmaphyllon paralias Leaves 138.6 + 10.9° 1135+ 4.3 1975+ 7.7 319.4 + 6.3

Results represent mean + standard deviation of 3 experiments.
" Represents significant difference in relation to control (p <0.05).
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critical point technique (CPD 030 Balzers, Liechtenstein), fixed on
aluminum stubs, covered with gold film and examined in a JEOL
JSM-6060 scanning electron microscope.

2.7. Bacterial growth assay

The planktonic bacterial growth was evaluated by the differ-
ence between the ODggg absorbance measured at the end and at the
beginning of the incubation time in polystyrene 96-well microtiter
plates. As a control for bacterial growth the extracts were replaced
by 80 L of water, with this being considered to represent 100% of
planktonic bacterial growth. Values higher than 100% represent a
stimulation of bacterial growth in comparison to the control. The
minimum inhibitory concentration (MIC) to kill 100% of bacterial
cells was determined and 50 L of a serial dilution was spread on
to Mueller Hinton agar plates. After incubation (37°C, 24 h), the
number of colony-forming units was counted to determine the bac-
teriostatic or bactericidal effect of the extract. Rifampicin 8 pg/mL
(Sigma-Aldrich Co., USA) was used as a control for the inhibition of
bacterial growth.

2.8. Statistical analysis

All microbiological experiments were carried out at least in trip-
licate and data are presented as percentage mean =+ S.D. Differences
between groups were evaluated by Student’s t-test and a p <0.05
was considered significant.

3. Results
3.1. Screening of bioactive Caatinga plant aqueous extracts

Table 2 shows the screening of 45 aqueous extracts against S.
epidermidis on polystyrene.

Considering the extracts at 0.4 mg/mL, stem bark of Commiphora
leptophloeos and fruits of Senna macranthera allowed a biofilm
formation of 32.7% and 43.3%, respectively, although the screen-
ing did not reveal any significant antibacterial activity at this
concentration. At 4.0 mg/mL, the lowest rates of biofilm forma-
tion were obtained using: stem bark of Anadenanthera colubrina
(11.6%), Commiphora leptophloeos (15.3%) and Myracrodruoun urun-
deuva (16.1%); fruits of Bauhinia acuruana (22.2%), Chamaecrista
desvauxii (12.6%) and Libidibia ferrea (30.0%); leaves of Parkinsonia
aculeata (47.2%) and Pityrocarpa moniliformis (23.0%), and branches

Table 4

Biological activities of four Caatinga aqueous extracts against S. epidermidis ATCC 35984.

Table 3
Percentage effect of Caatinga plant extracts against S. epidermidis.
0.4 mg/mL 4mg/mL
Biofilm (%) Growth (%) Biofilm (%) Growth (%)
Stimulation 46.7 35.5 48.8 82.2
No effect 11.1 244 4.4 44
Up to 25% inhibition 26.7 37.8 11.1 4.4
From 26 to 50% inhibition 11.1 2.2 15.5 4.4
From 51 to 75% inhibition 44 0 4.4 2.2
From 76 to 100% inhibition 0 0 15.5 2.2

of Bauhinia acuruana (18.3%). At this concentration, two extracts
presented marked inhibition of planktonic bacterial growth since,
branches of Allamanda blanchetii and stem bark of Commiphora
leptophloeos permitted just 33.0% and none of bacterial growth,
respectively (Table 2).

We chose four active extracts for further investigation (branches
of Bauhinia acuruana - BBA11; stem bark of Commiphora lep-
tophloeos — SBCL33; fruits of Bauhinia acuruana - FBA35 and
leaves of Pityrocarpa moniliformis — LPM45), which were obtained
in higher amounts during preparation and represent the differ-
ent parts of a plant (branches, stem bark, fruits and leaves). The
extracts BBA11, FBA35 and LPM45 inhibited biofilm formation by
a mechanism that did not involve bacterial death, but instead they
stimulated cell growth (Table 2). At 0.4 mg/mL, these extracts did
not affect biofilm formation or bacterial growth (Table 2). However,
the SBCL33 extract did kill S. epidermidis at the highest concentra-
tion, although at 0.4 mg/mL the discrete biofilm formation (32.7%)
was not associated with bacterial death (Table 2).

To compare the various extracts at both concentrations, they
were classified into six categories according to their effect against
S. epidermidis (Table 3).

3.2. Evaluation of S. epidermidis biofilm on glass

The four active extracts selected after screening were also tested
for their capacity to inhibit the formation of a biofilm on a glass sur-
face. The results were similar to those obtained using polystyrene
plates (Section 3.1 and Table 2), but showed a discrete decrease in
antibiofilm activity (Table 4).

Biofilm inhibition

Growth inhibition

0.4 mg/mL 4.0 mg/mL 0.4 mg/mL 4.0mg/mL
Polystyrene Polystyrene SEM Glass SEM glass Polystyrene
Permanox™
Branches of - 81.7 + 3.7% Small clus- 69.0 + 11.9%" Small clus- 16.94+9.6% -
Bauhinia acuruana ters/single ters/single
cells; DC; cells; DC;
MO MO
Fruits of - 77.8 + 5.0% Small clus- 68.5 + 7.4%" Small clus- 18.4+7.2% -
Bauhinia ters/single ters/single
acuruana cells; DC; cells; MO
MO
Leaves of - 77.0 + 0.7% Small 71.0 + 0.6%  Small clus- - -
Pityrocarpa moniliformis clusters ters/single
cells; MO
Stem bark of 67.3+8.5% 84.7 + 1.3% Small 82.8 + 5.6%  Small clus- 6.7+5.1% 100+4
Commiphora leptophloeos clusters; ters/single 5%
DC cells

Results represent mean + standard deviation of 3 experiments. DC represents deformation of the cells and MO represents matrix overproduction.

" Represents significant difference in relation to control (p <0.05).
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Fig. 2. Scanning electron microscopy images of the biofilms upon Permanox™. Untreated biofilms (control for biofilm formation) (A); Extract-treated biofilms: BBA11 (B);
FBA35 (C); LPM45 (D); and SBCL33 (E). Scale bars: 22,000x magnification (in the images: insert 1 200x magnification and insert 2 9000x magnification). Solid arrows: cell

deformation. Dotted arrows: matrix overproduction.

3.3. Scanning electron microscopy: biofilm visualization

The inhibition of S. epidermidis biofilm formation by the selected
active extracts was observed by SEM using Permanox™, in order
to mimic polystyrene, and glass coverslips. Images showed a dense
and uniform staphylococcal biofilm covered the Permanox™ and
glass surfaces in untreated biofilms (control for biofilm formation)
(Figs. 2 and 3, panel A). By contrast, treated biofilms displayed a
significant reduction in the number of adherent bacteria and in the
size of aggregates, which were reduced to small clusters or even
single cells (Figs. 2 and 3, panels B-E, respectively) and confirmed
the results obtained by crystal violet assay.

18k

faky

Extract of BBA11 almost completely prevented bacterial adher-
ence on both surfaces (Figs. 2 and 3, panel B), whereas LPM45
and SBCL33 extracts were similarly effective on glass coverslips
only (Fig. 2, panels D and E, respectively). Regarding the FBA35
extract, the bacteria were equally able to form a biofilm on both
surfaces, although to a lesser extent than the positive control
(Figs.2 and 3, panels Cand A, respectively). Interestingly, the images
indicated that some extract-treated biofilms presented a structural
deformation in the bacterial cells and/or an overproduction of the
exopolymeric matrix, the latter probably as a way of protecting
themselves against the aggression of the extract (Figs. 2 and 3 and
Table 4).

18KV

Fig. 3. Scanning electron microscopy images of the biofilms upon glass coverslips. Untreated biofilms (control for biofilm formation) (A); extract-treated biofilms: BBA11
(B); FBA35 (C); LPM45 (D); and SBCL33 (E). Scale bars: 9000x magnification (in the images: insert 1 200x magnification and insert 2 800x magnification). Solid arrows: cell

deformation. Dotted arrows: matrix overproduction.
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3.4. Antibacterial activity of Commiphora leptophloeos stem bark

Extract of SBCL33, at 4.0 mg/mL, caused 100% bacterial death
according to ODggp measurements. The serial dilution (from 4.0 to
0.4 mg/mL) showed that the MIC was 1.0 mg/mL and the counting
of the colony-forming units confirmed the bactericidal effect.

3.5. Phytochemical analysis

A preliminary qualitative phytochemical screening was carried
out with the four extracts chosen. The TLC analysis revealed the
absence of alkaloids and amines/aminoacids in the extracts and
indicated the presence of polyphenols, coumarins, steroids and ter-
penes.

Although each sample was obtained from different species (3
plants) and from distinct plant structures (4 parts), the HPLC anal-
ysis presented similar chromatographic profiles among these four
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extracts. Each extract was monitored at 210, 254, 273 and 365 nm
and compared by overlay (Fig. 4A-D). In addition, an overlay of
the chromatograms from the differents extracts was obtained at
210 nm (Fig. 4E).

4. Discussion

Ethnopharmacology rescues the historical use of plants by peo-
ple who have acquired great knowledge through family tradition.
The information that is held and that can be accumulated about
the use of plants in folk health care systems around the world is
of inestimable importance. For example, the ethnobotanical and
medicinal knowledge of the native people who live in or near trop-
ical forests is recognized as valuable to bioprospecting (Quave et al.,
2008). Likewise, ethnopharmacological data from residents of the
Caatinga as well as from the literature pointed to the species col-
lected and investigated in this study (Table 1). In addition, the
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Fig. 4. HPLC-DAD chromatograms of the aqueous extracts. Extract BBA11 (A); SBCL33 (B); FBA35 (C); and LPM45 (D). Chromatograms 1, 2, 3, and 4 represent wavelengths
of 210, 254, 273 and 365 nm, respectively and (E) represents an overlay of BBA11 (a); SBCL33 (b); FBA35 (c); and LPM45 (d) at 210 nm.
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preparation of the aqueous extracts aimed to reproduce the form
of use in traditional medicine and thereby enable us to confirm
or refute their effectiveness, considering antibacterial/antibiofilm
properties.

Among the 24 collected plants, 17 (70.8%) of them presented
antimicrobial potential because they have been used in someway as
antiseptics, anti-inflammatory or healing agents by folk medicine
(Table 1). When tested in vitro against S. epidermidis, the most
important cause of nosocomial infections, our results identified 13
plants (54.2% of the collection) with antibacterial properties, corre-
sponding to 10 plants (58.6%) of those with antimicrobial potential.
However, considering antibiofilm activity, 20 plants (83.3% of the
collection), were active, corresponding to 15 plants (88.2%) used in
folk medicine with antimicrobial potential. Chamaecrista cystisoides
(branches) and Stigmaphyllon paralias (leaves) were the unique
plants that not presented antibacterial neither antibiofilm activity,
the last one was indicated by Caatinga community against diar-
rheas, syphilis and renal disorders. Interestingly, we found that 78%
of the extracts that presented a high ability to inhibit S. epidermidis
biofilm on polystyrene (Section 3.1), without killing the bacteria,
came from plants that belong to the Fabaceae family (Table 2).

Of the four active extracts chosen for further investigation
(BBA11, SBCL33, FBA35 and LPM45), one presented antibacte-
rial activity (SBCL33), demonstrating a bactericidal effect against
Staphylococcus epidermidis with a MIC of 1.0mg/mL. Conse-
quently, the biofilm structure was poorly formed when examined
at 4.0mg/mL on polystyrene and glass (more than 80% of
antibiofilm activity) (Table 4). However, at 0.4 mg/mL, SBCL33 per-
mitted a biofilm formation of 32.7% without antibacterial activity
(Table 2). Additionally, the other three extracts selected for a more
detailed study (BBA11, FBA35 and LPM45) demonstrated marked
antibiofilm activity on polystyrene and glass surfaces without caus-
ing bacterial death (Table 4). This observation points out the wide
potential of Bauhinia acuruana as a source of antivirulence com-
pounds, since both branches (BBA11) and fruits (FBA35) prevented
S. epidermidis biofilm formation on the two surfaces.

The notable activity demonstrated by the extracts was visu-
alized by SEM, a valuable tool to improve understanding of the
qualitative and quantitative impact of the samples upon the bac-
teria. Based on SEM images all four selected extracts affected the
bacterial adhesion on Permanox™ and glass, two surfaces with dis-
tinct characteristics of hydrophobicity (Figs. 2 and 3 and Table 4).
We found that the cells which adhered to surfaces presented an
overproduction of extracellular matrix (BBA11 on Permanox™;
FBA35 on both surfaces and LPM45 on glass), suggesting that
molecules involved in the activity of the extracts did not exert their
effect through extracellular matrix inhibition. Also, we observed
bacterial cells with deformed morphology (BBA11, SBCL33 and
FBA35 on both surfaces, and LPM45 on Permanox™), which could
indeed be related to the extracts mechanism of action (Figs. 2 and 3
and Table 4).

Impairment of bacterial adhesion and biofilm formation by a
pathway that does not involve bacterial death is a remarkable char-
acteristic of a new concept in antivirulence therapies. Importantly,
it explores new mechanisms of action that may difficult the rapid
development of bacterial resistance. Moreover, in this alternative
approach, which does not affect bacterial growth and maintains the
cells in a planktonic state, the switching off of virulence expres-
sion and attenuation of the pathogen make microorganisms more
susceptible to other antimicrobials and to the immune system
(Clatworthy et al., 2007; Martin et al., 2008; Macedo and Abraham,
2009).

In this context, natural products are an important source of
bioactive molecules and the medicinal plants used in popular
medicine could facilitate the search for new agents. The results of
TLC phytochemical screening of the four extracts chosen enabled us

to exclude alkaloids and amines/aminoacids from the compounds
potentially responsible for the bioactivity. In contrast, polyphe-
nols, coumarins, steroids and terpenes do appear to be among the
compounds involved with the extracts effects. HPLC-DAD analyses
were carried out to characterize the four extracts selected and the
results demonstrated similar profiles of compounds among them,
especially at 210 nm where the highest number of compounds was
detected (Fig. 4).

Polyphenols have received some attention recently regarding
their antimicrobial effect upon microorganisms in biofilms, includ-
ing a small number of studies involving S. epidermidis (Ferrazzano
et al., 2009; Prabhakar et al., 2010; Schito et al., 2010). Sampaio
et al. (2009) showed that polyphenol-rich extracts of fruits from
Caesalpiniea ferrea had antibiofilm activity in a multispecies biofilm
model involving Streptococcus sp., Candida albicans and Lactobacil-
lus casei. This agrees with our results for fruits of the synonym
Libidibia ferrea, which inhibited the formation of a biofilm by S.
epidermidis by 70.0% (Table 2). Considering coumarins, we found
only a few studies involving biofilm inhibition (Girennavar et al.,
2008; Praud-Tabaries et al., 2009). However, antimicrobial activity
of coumarins, terpenes (excluding volatile oils) and steroids against
bacteria and fungi has been more widely described (Ojala et al.,
2000; Sparg et al., 2004; Zhang et al., 2008; Popova et al., 2009;
Smyth et al., 2009).

The antivirulence therapy is one of the most promise alternative
to combat pathogenic microorganisms. The study presented herein
show the Caatinga plants potential as a new and valuable source
of prototype compounds. Our efforts now are concerned with the
isolation and elucidation of active molecules from the four selected
extracts.
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ABSTRACT

The Caatingdiome covers a vast area in northeastern Brazilpaesents a high level
of biodiversity. It is known that at least 389 plapecies are used by semi-arid local
communities for medical purposes. Considering gthaomacological reports, this
study aims to screen 24 species from Caatingadegpthe ability to prevent biofilm
formation and to inhibit growth dPseudomonaseuginosa- a major opportunistic
human pathogen and an important causative agentoobidity and mortality. The
effects of aqueous extracts, at 0.4 and 4.0 mgonlhiofilm formation and on growth
of P. aeruginosaATCC 27853 were studied using the crystal violetay and the
ODgoo absorbance, respectively. The more active extmaete analyzed by thin-layer
chromatography and high performance liquid chrogpaphy. The investigation
pointed three species with potential application fiee control ofP. aeruginosa
Anadenanthera colubrinavlyracrodruoun urundeuvand Commiphora leptophloeos
The qualitative phytochemical analyses indicateilginties among the samples as
well as the presence of compounds with high mocweight. This is an
unprecedented evaluation about the potential ofi-aeich Caatinga plants to prevent

the formation of thé. aeruginosaiofilm.

Keyword: biofilm, Anadenanthera colubrina Myracrodruoun urundeuva,

Commiphora leptophloep3raditional Brazilian medicine.
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RESUMO

O bioma Caatinga abrange uma vasta area no nordesBrasil e apresenta uma
expressiva biodiversidade. Sabe-se que pelo meB6se8pécies de plantas séo
utilizadas por comunidades locais para fins medisin Considerando relatos
etnofarmacolégicos, este estudo tem por objetigtragar 24 espécies de plantas da
Caatinga quanto a capacidade de impedir a formagidiofime e de inibir o
crescimento d®seudomonas aeruginosamportante patdgeno oportunista humano e
agente causador de morbidade e mortalidade. Qe®f#ns extratos aquosos, a 0,4 e
4,0 mg /mL, sobre a formacao de biofilme e o crasaito deP. aeruginosaATCC
27853 foram avaliados através do ensaio de crkigtldta e da densidade éptica a 600
nm, respectivamente. Os extratos mais ativos f@aatisados por cromatografia em
camada delgada e cromatografia liquida de alt#afi@m. A investigacao indicou trés
espécies com potencial aplicacdo para o controlP.d@eruginosa Anadenanthera
colubring Myracrodruoun urundeuvae Commiphora leptophloeosAs analises
qualitativas fitoquimicas indicam similiaridadestrenas amostras, bem como a
presenca de compostos com elevada massa moleEstar.estudo trata-se de uma
avaliacdo sem precedentes sobre o potencial déaplda Caatinga semi-arida para

evitar a formacéao de biofilme pBr aeruginosa

Palavras-chave: biofilme, Anadenanthera colubrinaMyracrodruoun urundeuvae

Commiphora leptophloepsedicina tradicional brasileira.
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INTRODUCTORY REMARKS

Folk medicine has a great contribution to humarthe&are long before modern
medicine began. Nowadays, the use of medicinaltplas a source of remedies
remains common to the medical traditions of maniucess and there is a strong
evidence of integration between traditional and emodnethods of health care (Zhang,
2000). Understanding the practices of the past,ntai@ed by the traditional
knowledge passed generation by generation, provitgght into and may lead to
improvements in actual pharmaceutical practice (dmmoek et al., 2011, Medeiros &
Albuquerque, 2012). Therefore, there is an urgalitto collect information on and to
identify the best health practices all over the ldjoand use them cost-effectively to
enhance health care delivery (Ortega, 2006). Thatiiga, a typical semi-arid
vegetation represents the fourth largest area covered by glesiregetation form in
Brazil, account for about 60% of the northeasttany (Sampaio et al., 2002). Several
publications describe the rich flora in this reg@as having many medicinal purposes
and great phytochemical potential (Agra et al., 208lbuquerque et al., 2007a;
2007b; 2012). In addition to being widely known amsed by local communities,
many medicinal species in the Caatinga are soldeasal products (Albuquerque et
al., 2007c; Cartaxo et al., 2010; Monteiro et2011).

Pseudomonas aeruginoda a major opportunistic human pathogen and an
important causative agent of morbidity and morgalithis bacterium is able to express
all known mechanisms of antimicrobial resistanaghsas the low outer membrane
permeability, the expression of broad multidrudweffsystems and the horizontal gene
transfer (Strateva & Yordanov, 2009). In additiéh, aeruginosahas emerged as a
pathogen adept at adhering to surfaces and forrmiofiims, a bacterial lifestyle
which cellsare significantly more resistant to antimicrobiatgents than as planktonic
cells, causing chronic and very difficult to erade infections (Donlan & Costerton,
2002). In this context, we investigated 24 spea&<Caatinga plants (45 aqueous
extracts) for their ability to inhibit growth and fprevent biofilm formation by,.
aeruginosaAlso, we performed preliminary phytochemical gs@& of the most active

extracts.



105

MATERIALS AND METHODS
Plant material

The plants were collected at Parque Nacional dan®ati (PARNA do
Catimbau), Pernambuco State, Brazil, in July andjusti 2009. The species were
chose according to the published ethnopharmacabgiata and using information
from the local community. They were identified hetMSc. Alexandre Gomes da
Silva from the Universidade Federal de PernambBecazil. A voucher specimen is
deposited in the herbarium at Instituto Agrondbmia® Pernambuco (IPA), Brazil
(Table 1).

Extraction

Agueous extracts were prepared by static maceratiothe powdered dried
material with sterilized water [1:9; (w:v)] at 2Z during 24 h (Trentin et al., 2011).
Stock solutions (1.0 and 10 mg/mL) were preparedsbhbilization of the dried

extract in water and sterilized by filtration (0.2&n).

Preliminary phytochemical analysis

The extracts were analyzed by TLC (Kieselgel 60,65F0.2 mm, Merck,
Germany) using ethyl acetate:water:acetic acid:foracid (9:2.3:1:1) as eluent. The
plates were visualized under UV light (254 and 3&%) and using standard
procedures: polyphenol compounds were detected ahlthinum chloride 1% and
ferric chloride 2%, potassium hydroxide 5% was uB®dcoumarins, Dragendorff's
reagent for alkaloids, anisaldehyde/sulfuric a@d $teroids and terpenes, ninhydrin
for amines and aminoacids, and iodine vapor asnaretsal reagent (Wagner & Blat,
1996). The HPLC analyses were carried out on a &dfwon LC-20AT coupled to a
diode array detector. A reversed-phase column $faok- VP-ODS (250 mm x 4.6
mm |.D., 5um, Shimadzu) was used. The gradienioglwas performed with solution
A - acetonitrile: water (5:95, [v/v]), and soluti@- comprising 100 % acetonitrile, at
a flow rate of 0.6 mL/min. Solution B increasing fupm 5% to 100 % in 60 min and,
finally, 100 % of solution B was preserved for 1thmrhe injection volume was 20

uL (2.5 mg/mL solution).
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Pseudomonas aeruginosa culture
P. aeruginosaATCC 27853 was cultured overnight at 37 °C in MereHinton
agar (Oxoid Ltd., England). Colonies were suspenite®.9% saline to obtain a

bacterial suspension corresponding to 1 McFarlaateg3 x 18 CFU/mL).

Antibiofilm formation assay and bacterial growth asay

In 96-well polystyrene plates, 80 pL of the baeksuspension, 80 pL of the
aqueous extract (0.4 mg/mL or 4.0 mg/mL in the syeind 40 pL of TSB (Oxoid
Ltd., England) were added and incubated at 37 YGbfb. After, the content of the
wells was removed and they were washed with salihe.remaining attached bacteria
were fixed and stained with crystal violet. Theirstavas solubilized with DMSO
(Sigma-Aldrich Co., USA) and the absorbance wassmea at 570 nm (Spectramax
M2e Multimode Microplate Reader, Molecular Device)§A). Bacterial growth was
evaluated measuring the difference betweengyg@bsorbance at initial time and after
6 h (incubation time). Gentamicin sulfate 8 pg/n&igfma-Aldrich Co., USA) was
used as a control for the inhibition of bacteriabwth. Since does not exist a
commercially available non-biocidal compound posses antibiofilm activity, we
can not apply a positive control to antibiofilmigityy. The extracts were replaced with
sterile water to represent 100% of biofilm formatiand bacterial growth (untreated
control). Values higher than 100% represent a gsétimn of biofilm formation or
bacterial growth in comparison to the untreatedrobn

Experiments were carried out in triplicate. Theulsswere expressed as mean
(%) + SD and analyzed using the Student'’s t-fest@.05).
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RESULTS AND DISCUSSION

Nosocomial infections having multidrug-resistdht aeruginosaas ethiologic
agent is frequently worldwide, accounting for aboti25% of isolated strains from
two nationwide surveillance programmes in Chinaa@<et al., 2012). MoreovekP.
aeruginosaranks first among all nosocomial pathogens relatedoneumonia in
intensive care in Brazil (Rossi, 2011) and in Udittates (Richards et al. 1999) — a
commonly biofilm-associated infection.

Targeting bacterial virulence (like biofilm formati) is an alternative approach
to antibacterial therapy that offers promising apaities to inhibit pathogenesis
without threatening bacterial existence, resulimag reduced selection pressure for
drug-resistant mutations (Cegelski et al., 2008n8 have been used as medicine in
all cultures and the interest in research invohamgimicrobial activity and medicinal
properties of plants has increased. We used aquegtracts to reproduce the
traditional medicine preparation, and thereby, mnaldes us to evaluate their
effectiveness, consideringn vitro antibacterial/antibiofilm properties against this
important pathogen.

Pseudomonas aeruginosas exposed to the 45 extracts, as showed in Table
At 0.4 mg/mL no extract showed remarkable activedyen considering values of at
least 20% of inhibition on growth and on biofilnrfieation. At this concentration, the
stem-bark ofCommiphora leptophloeosas the most effective extract to inhibit e
aeruginosagrowth. Regarding extracts at 4.0 mg/mL, the ldwedes of biofilm
formation, when compared to untreated control, wienend usingAnadenanthera
colubrina (11%), Myracrodruoun urundeuvé&?21%) andC. leptophloeo444%) stem
barks. Table 2 summarizes the effect oféRracts againd®. aeruginosaclassifying
them according to the activity rangat 4.0 mg/mL, the results demonstrated that
among all tested extracts, only 2 (4.4%) possegb hbility to prevent biofilm
formation and that 3 (6.7%) present high abilityrtiibit P. aeruginosayrowth (Table
2). The more active plantsA( colubrina, C. leptophloeoand M. urundeuva are

traditionally used in folk medicine as anti-inflaratary and antiseptic agents (Agra et
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al., 2007). Regarding these 3 species (stem-bénk),formation of biofilm byP.
aeruginosaseems to be avoided through antibacterial prasergince their extracts
strongly affected bacterial growth (Table 1). Hoeevour previous screening
evaluating the same extracts agai@sphylococcus epidermidisvealed a different
scenario, since 15.5% and 2.2% of them presenggdihhibition of biofilm formation
and planktonic growth, respectively. In additionnlyo one extract showeds.
epidermidis biofilm prevention associated to its bactericiddlect (Trentin et al.,
2011).

TABLE 2: Correlation of the number of aqueous extracts (@d)their antiP. aeruginosaactivities.

0.4 mg/mL 4.0 mg/mL
Biofilm (%)  Growth (%)  Biofilm (%)  Growth (%)

Stimulate 53.3 6.7 35.6 33.3
No effect 35.6 35.6 37.8 37.8
Up to 25% inhibition 8.9 53.3 13.3 13.3
From 26 to 50% inhibition 2.2 4.4 4.4 8.9
From 51 to 75% inhibition - - 4.4 -

From 76 to 100% inhibition - - 4.4 6.7

The qualitative phytochemical screening was caroatl with the three most
active extracts. The TLC-fingerprint indicated gi@sence of polyphenols, steroids,
terpenes and amines/aminoacids (data not sholWr®.chromatograms obtained by
HPLC showed a similar profile of thiaree extract§Figure 1) in agreement with TLC
analysis. They presented several absorption peasdrlapping retention times even
after several attempts of chromatogram optimizations indicative of compounds
with high molecular weight. Siqueira et al. (20h#&)hlighted that the group of plant
with antimicrobial potential showed a higher comtehtannins compared to a control
group. In addition, it is know the potential Anadiaceae, Bursereaceae and Fabaceae
to synthesize tannins, particularly by stem-baskues. On this way, the qualitative
phytochemical analysis reveals the complexity esthaqueous stem-bark extracts and
enables us to suggest the tannins as the possdaetive secondary metabolites in

these samples.
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Figure 1: Qualitative HPLC-DAD chromatogram of the aqueoudraets: a) stem bark oA.
colubring b) stem bark o€. leptophloeosind c) stem bark dfl. urundeuvaChromatograms 1, 2, 3,
and 4 represent wavelengths of 210, 254, 273 a&aB6 respectively.
Since just 6.7% of the assayed extracts demondtexjgressive activity against
P. aeruginosa the difficulty to control this pathogen with sonirazilian plant

extracts is stressed. This is in agreement with ymatudies that investigate
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antibacterial activity of medicinal plants extraatsseveral countries, such as Spain,
Cuba, Colombia, Siberia, Africa, Arabia and Inditefrera et al., 1996; Martinez et
al., 1996; Lopez et al., 2001; Kokoska et al., 200@né et al., 2004; Mothana &
Lindequist, 2005; Kumar et al, 2006). Given theagjienportance of biofilm formation
in the infectious process, the association of sengeof medicinal plants and the
modulation ofP. aeruginosabiofilm started to be considered (Ding et al., P0This

is the first study that investigates the potemiaCaatinga plants extracts to prevent
the biofilm formation byP. aeruginosa Antimicrobial resistance of non-fermenting
bacteria, includind?. aeruginosaremains a challenge for clinical treatment, aatib
selection and effectiveness. IndeBd,aeruginosaften exhibits a multidrug-resistant
or even pandrug-resistant phenotype, warrantingejpsitation as a ‘superbug’ and
highlighting its clinical significance (Souli et.a2008; Xiao et al., 2012).

Overall, this work point to the importance of 3 milaaqueous extracts (stem-
bark of A. colubring C. leptophloeosnd M. urundeuva againstP. aeruginosaWe
might hypothesize that the low number of activeramts observed againgR.
aeruginosacould be related to the lower presence of Granatinag bacteria in semi-
arid soil of Northeastern Brazil, as already repodrby Gorlach-Lira & Coutinho
(2007). In addition, this bacterium is recognizedaa important phytopathogen, since
it can form a biofilm that confers resistance aganmoot-secreted antibiotic by plants
during root colonization (Walker et al., 2004). Gmiering that plant secondary
metabolism is responsive and modulated by envirotaheonditions and by plant-
pathogen interactions, our results are in accomavith previous studies. Our efforts
now are concerned with the elucidation of activeypounds from the stem-bark Af

colubring C. leptophloeosindM. urundeuva
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Abstract

Plants produce many compounds that are biologicailye, either as part of their
normal program of growth and development or in oese to pathogen attack or
stress. Traditionally, Anadenanthera colubrina Commiphora leptophloeosand
Myracrodruon urundeuvaave been used by communities in the BraziliartiGga to
treat several infectious diseases. The abilitynipair bacterial adhesion represents an
ideal strategy to combat bacterial pathogenesmause of its importance in the early
stages of the infectious process; thus, the sdaramti-adherent compounds in plants
IS a very promising alternative. This study invgsted the ability of stem-bark
extracts from these three species to control tbevityr and prevent biofilm formation
of Pseudomonas aerugingsan important opportunistic pathogen that adhdoes
surfaces and forms protective biofilms. A kinetiody (0-72 h) demonstrated that the
growth of extract-treated bacteria was inhibitedta® h after incubation, suggesting
bacteriostatic activity. Transmission electron mgmopy and fluorescence microscopy
showed both viable and nonviable cells, indicativacterial membrane damage;
crystal violet assay and scanning electron micnogocdemonstrated that treatment
strongly inhibited biofilm formation during 6 anddzh and that matrix production
remained impaired even after growth was restoréed?4aand 48 h of incubation.
Herein, we propose that the identified (condensetltaydrolyzable) tannins are able
to inhibit biofilm formation via bacteriostatic gerties, damaging the bacterial
membrane and hindering matrix production. Our figdi demonstrate the importance
of this abundant class of compounds in higher plaagainst one of the most

challenging issues in the hospital setting: biofiksilience.

Keywords: Pseudomonas aerugingsantibiofilm, antibacterial, Caatinga, MALDI-
MS, tannin, Anadenanthera colubrinaCommiphora leptophloepsMyracrodruon

urundeuva.
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1. Introduction

Adhesion and colonization are prerequisites for @él@blishment of bacterial
infection and pathogenesis. Once adhesion has tple®, on implanted medical
devices or damaged tissue, microorganisms may gadsecific molecular changes
to become pathogenic and to establish biofilms [tL]Js well known that biofilm
formation involves the attachment and accumulatibmicrobial cells, within a self-
produced extracellular matrix, on a solid surfa@. [The inherently defensive
character of the biofilm is demonstrated by enhdnmersistence of bacteria grown in
the sessile mode modekrsus bacteria grown planktonically, which makes most
biofilm-associatedinfections difficult to eradicate, thus contribginto disease
chronicity [3,4].Pseudomonas aerugingsa ubiquitous bacterium in the nature, is an
opportunistic pathogen that adheres to surfacesf@nas protective biofilms [3]. In
addition, multidrug-resistarR. aeruginosas a leading cause of nosocomial infection
worldwide, ranking first among all nosocomial pajkas related to pneumonia in
intensive care units in Brazil [5] and in the Uditstates [6].

The challenge and difficulty in finding novel arditierial agents with
innovative mechanisms of action, including anti-admt compounds, drive the search
for antimicrobials toward vegetable sources. Thisan appropriate choice because
plants play an important role in the biosynthesfsnatural products, providing
chemical defense against environmental microbesigir secondary metabolism, and
because they can be considered as a therapewroaive in primary health care
(ethnopharmacological knowledge). The Caatingagre xshrub-dominated biome of
northeastern Brazil, supports a high diversity lahpresources used as folk medicine.
This region is known as an area of low economicettgwment, which reflects poor
access of the population to pharmaceutical drugs eonsequently, determines the
treatment of illnesses based on the use of medliplaats. The limited scientific basis
for the biological properties of these plants prtedpan interest in investigating
species widespread in the Caatinga in more deéail. ongoing efforts to evaluate

their biological potential have revealed antibaetesind antibiofilm activities against
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the Gram-positive bacteriu@taphylococcus epidermidisr several plant species [7]
and againsP. aeruginosdor a reduced number of plants (see caption 2).

This study aimed to investigate the activity of nsteark extracts of
Anadenanthera colubrinaCommiphora leptophloeoand Myracrodruon urundeuva
and their ability to control the growth and prevberdfilm formation ofP. aeruginosa
using bioguided fractionation. The bioactive compaal were purified and further
analyzed by MALDI-TOF/TOF in order to identify sttwres.

2. Materials and methods
2.1. Plant material

Stem barks were collected at a national park, Rafdacional do Catimbau
(PARNA do Catimbau), located in the state of Pefmaco, northeastern Brazil,
between July and August 2009. The taxonomic idieatibn was confirmed at the
herbarium of Instituto Agrondmico de PernambucdAjlPvhere the vouchers were

deposited (Table 1). The extracts were prepargueasously described [7].

2.2. Bacterial strain and culture conditions
Pseudomonas aeruginos&aTCC 27853 was grown overnight on Mueller-
Hinton (MH) agar (Oxoid Ltd., England, UK) at 37°8.bacterial suspension of 3 x

10% colony-forming units (CFU)/mL in 0.9% NaCl was usadhe assays.

2.3. Minimum inhibitory concentration (MIC) and legal viability

Bacterial growth was assessed as the differenaeeket optical density at 600
nm (ODyso0) at the end (6 h) and at the beginning (0 h) otibation time, in 96-well
microtiter plates (Costar 3599, Corning, Inc., USA) each well, 80 pL of the
bacterial suspension, 80 pL of the aqueous exfcacicentration ranging from 0.5 to
4.0 mg/mL in the wells) and 40 pL of tryptone sdyeth (TSB) (Oxoid Ltd.,
England, UK) were added. MIC was defined as theekivconcentration of samples

able to restrict bacterial growth to a level lowlean 0.04 at OR, Serial dilutions of
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the MIC wells were performed and spread on MH gui@tes. After incubation (37°C,
overnight), the CFU/mL was obtained, in order ttedmine the viability of bacterial
cells. As references for bacterial growth and \ghithe extracts were replaced with
water (negative control) or with gentamicin sulfa8igma-Aldrich Co., USA)

(positive control).

2.4. Antibacterial activity kinetics

A kinetic study was performed to assess the etitektracts (at concentrations
of 1/4xMIC, 1/2xMIC, MIC, and 2xMIC) uporP. aeruginosaaccording to the
incubation time, as previously described in Secfidh OQywas measured at 0, 3, 6,
9, 24, 30, 48, 52, and 72 h after incubation (3732amples were replaced with sterile
water as a control for bacterial growth. To avaid interference of sample color in all
results obtained by OD evaluations, the sample® wesubated in TSB and sterile
saline (without inoculum) and the arithmetic meah©®D readings were corrected for
each extract (by subtracting OD without inoculumnir OD with inoculum for each
incubation time). Erythromycin (Sigma-Aldrich ClSA) was used as a control. The
results are expressed as mean = standard devi@hof 4 wells for each extract

concentration and for each incubation time.

2.5. Biofilm formation assay

Biofilm formation was evaluated using the crystablet assay in 96-well
microtiter plates [7]. The incubation period at @Avas 6, 24, and 48 h. To represent
100% of biofilm formation (untreated sample), theracts were replaced with sterile
water. Values higher than 100% represented stimounladf biofilm formation in
comparison with the untreated sample. Since doegxist a commercially available
non-biocidal compound possessing antibiofilm attivive can not apply a positive
control to antibiofilm activity.
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2.6. Microscopic analysis
2.6.1. Scanning electron microscopy (SEM)

Pseudomonas aeruginodaofilms were grown in 96-well microtiter plates
(37°C during 6, 24, and 48 h) with a piece of Permxa slide (Nalge Nunc
International, USA), as described in Section 2.Ae Gamples were prepared and

examined according to Trentin et al [7].

2.6.2. Transmission electron microscopy (TEM)

Tubes containing 800 pL of the bacterial suspenst®® pL of the aqueous
extract (MIC concentration) and 400 pL of TSB waneubated (37°C, 6 h). In
untreated samples, sterile water was added instéahmples. The bacteria were
harvested by centrifugation, fixed in glutaraldedyahd paraformaldehyde solution,
and, subsequently, in 2% osmium tetroxide. Theepelhs dehydrated in an ascending
series of acetone concentrations and cells weree@deal in acetone:EmBedesin,
homogenized by rotation and polymerized. Ultrathections were contrasted with
uranyl acetate and lead citrate and imaged witt@LJJEM-1200 EX Il electron
microscope (JEOL Ltd, Tokyo, Japan).

2.6.3. Fluorescence microscopy

Samples were prepared as described in Section. 282 incubation, they
were stained with LIVE/DEAD BacLight Bacterial Vidiby Kit (Life Technologies,
USA). In this assay, the SYTO-9 and propidium i@d{el) stains compete for binding
to the bacterial nucleic acid. SYTO-9 labels cellsh both damaged and intact
membranes (green cells), whereas Pl penetratesceiiy/with damaged membranes
(red cells), reducing the fluorescence of SYTO-Be Bamples were observed in the
AxioVert 200 fluorescence microscope using the A&soon AC software (Carl Zeiss
Microlmaging Inc, Germany), and image overlays wefgtained using ImagelJ

software.
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2.7. Hemolytic assay

This assay was performed as previously describpdufdng venous blood of
healthy volunteers (ethical approved by UFRGS Eihiommittee, number 19346).
The extracts were tested at MIC and, as referemogples, we used water (for baseline
values) and Quillaja saponaria saponins (Sigmat&idCo., USA) at 0.25 mg/mL (for
100% hemolysis). To avoid the interference of sampblor, a blank sample of
extracts and phosphate-buffered saline (PBS) (witleoythrocytes) was developed.
The assay was calculated as follows: (Abs extractbs blank/ Abs saponin — Abs
water) x 100.

2.8. Purification of proanthocyanidins

The crude aqueous extracts (100 mg) were dissalvedater (500 uL) and
subjected to column chromatography (10 x 150 mnekea with Sephadex LH-20
(Sigma-Aldrich Co., USA) successively until to abtahe appropriate amount of
fractionated sample. Water was used as the fitgng| followed by 30% methanol,
50% methanol, 100% methanol, 10% acetone, 30% ReetB0% acetone, 70%
acetone, and 100% acetone, resulting in fractioged as F1-F9. Additional data are

available as supporting information (Table S1).

2.9. MALDI-MS and MALDI-MS/MS analyses

High-resolution mass spectrometry (MS) analysesewmsrformed using an
UltrafleXtreme MALDI-TOF/TOF equipment (Bruker Datics, Bremen, Germany).
A mixture of peptides was used for external ancermdl calibration (peptide
calibration standard Il [Bruker Daltonics]: bradyki 1-7, angiotensin Il and I,
substance P, bombesin, renin substrate, ACTH dliy,1ACTH clip 18-39, and
somatostatin 28). The ions were generated by at@di with a nitrogen laser (337
nm) and accelerated at 20 kV. For MS analysesegperimental conditions were:
pulsed ion extraction of 100 ns, laser frequenc$@d0 Hz, reflectron mode, positive

ion mode, and 600 laser shots were averaged todr@cmass spectrum. In addition,
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the selected ions were accelerated to 19 kV irLtR& cell for MS/MS analyses. The
matrix of choice was DHB (2,5-dihydroxybenzoic gcigt 20 mg/mL (in 30%
acetonitrile [ACN] and 70% pD with 0.1% trifluoroacetic acid). All samples were
suspended in ACN:D (3:7) and mixed with DHB containing 0.1 M solutiof
NaCl. These mixtures (1 pL) were spotted onto aggcstainless steel MALDI target.
The compounds were identified by MS data, fragntemagathway and accurate mass

measurements using the internal calibrant (stangptide mixture).

2.10 Statistical analysis
Biological assays were carried out in triplicatet® differences in relation to
the untreated samples were analyzed by the Studestt and p< 0.05 was considered

to be significant.

3. Results
3.1. MIC and viability determinations for stem-bakiracts

The MIC of all three stem-bark aqueous extractansfjd. aeruginosawas
determined (Table 1). CFU counting was used torgeie the viability of 6 h-treated
cells at MIC. Statistical analysis indicated thatwously treated and untreated
bacterial suspensions were equivalent regarding /@EUsuggesting bacteriostatic
activity, i.e., when bacterial growth is inhibitéat MIC), the cells are viable (Table 1).

3.2. Kinetic analysis of antibacterial activity

To observe the effect of extracts upBn aeruginosagrowth according to
incubation time, a kinetic study was performed (Fiy In this set of experiments,
there was a significant decrease in bacterial dromithin a short period of exposure
to all extract concentrations (except for 1/4xMICAo colubrinaandC. leptophloeos
— Fig. 1A-B). Bacterial growth remained inhibited low up to 9 h after incubation.

After 24 h, extract-treated bacteria started toagrachieving values similar to those
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obtained with untreated cells. Reinforcing our fermesult, a similar dynamic profile

was observed with erythromycin, a bacteriostatena@gainsP. aeruginosa

3.3. Activity upon biofilm formation

The effect of extracts at MIC updd. aeruginosabiofiim formation on the
polystyrene surface, using crystal violet assaghiswvn in Table 1. Biofilm formation
was strongly prevented in 6 h-treated bacterialation to untreated cells. After 24 h
of treatment, the extracts remained able to intblmfilm formation, although with a
loss of about 20% in their antibiofilm activity winecompared to inhibition at an
earlier stage (6 h). According to this assay, nibafilm effect was observed at 48 h
of incubation. UnlikelyC. leptophloeosindM. urundeuvaextracts stimulated biofilm
formation (Table 1). These results were corroboraby morphological features
observed using different microscopic techniquesMSEages showed rod-shaped
cells of untreatedP. aeruginosagrown on the Permanox surface, forming a dense and
uniform biofilm (untreated biofilms) (Fig. 1A-C)pwered with an extracellular matrix
(Fig. 1B-C). In contrast, 6 h-treated biofilms desged lesser adherent bacteria and
only slight aggregation, reducing bacterial aggloates to small clusters (Fig. 2
images 2A, 3A, and 4A). At 24 h of incubation, wauld still observe a low number
of bacterial clusters deficient in matrix produatiocompared to the untreated sample
(Fig. 2 images 2B and 4B), while f@. leptophloeogreated cells a larger amount of
aggregated cells was observed, but without theepesof a matrix (Fig. 2 image 3B).
After 48 h of treatment, matrix production was ertely poor; the bacterial cluster
architecture varied among samples and was diffdrent the typical biofilm shape of
the untreatedP. aeruginosa However, it was possible to observe that cell

agglomerates had completely covered the surfage ZRmages 1C, 2C, 3C, and 4C).
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Figure 1 Kinetics of antibacterial activity obtained from P. aeruginosa exposed to stem-bark
extracts, at four concentrations.(A) A. colubring (B) C. leptophloegsand (C)M. urundeuva
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3.4. Transmission electron microscopy (TEM) andridscence microscopy (FM)

On TEM micrographs, untreated cells exhibited andlistnrbed cytosol and
intact cell envelope (cytoplasmic membrane and walll) (Fig. 3A). In contrast,
extracts at MIC induced ultrastructural modificasan P. aeruginosecells (Fig. 3B-
D). At 15000x magnification, images revealed thhttlaree extracts were able to
promote intense vacuolization in several cellssjgaaled by black arrows with white
outline), although some cells with normal morphglegmained present. RegardiAg
colubrina and M. urundeuva cell deformation and disrupted cell wall couldabe
observed (Fig. 3B and D, in the inserts)nleptophloeosreated cells, in addition to
an injured cell wall, we could observe vacuolegpéised throughout the cytoplasm
(black arrows with white outline) and within theripgasm of cells (Fig. 3C, in the
inserts). FM images reinforced these results: & Nboth viable (green) and nonviable
(red) cells could be observed, indicating a damaggoplasmic membrane in several
treated cells (Fig. 4B-D).

3.5. Hemolytic activity

We carried out a simple model to assess injuryumdn cells and preliminary
toxicity of extracts. At MIC,A. colubrinaand M. urundeuvacaused 4.3+1.9% and
13.1+0.5% of hemolysis, respectively whife. leptophloeoswas not hemolytic
(0+£1.2%). The microscopic analysis showed erythi®aptegrity and absence of

erythrocyte aggregation (data not shown).

3.6. Bioguided fractionation

The aqueous extracts were fractionated on Sepha#eR0. The eluted
fractions (F1-F9) were tested fBr aeruginosaantibiofilm and antibacterial activities
at three concentrations: MIC, 1/2xMIC and 1/4xMICtloe crude extracts, at 6 h of
incubation. For all plants, the F7 fraction prowldbe same activity observed for the
crude extracts (Fig. 5). The fraction obtained frémcolubrinaallowed a biofilm
formation of 14, 20, and 32% at 2.5, 1.25, and ®.16®/mL, respectively, with growth
inhibition in all tested concentrations (Fig. 5Ahe same profile was observed for F7

obtained fromM. urundeuvaat all concentrations tested, in which biofilmrfation
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was limited to 23%, accompanied by absence of dgrd¢iig. 5C). Regarding F7 from
C. leptophloeas at 1.0 mg/mL, bacterial growth was suppressedh vaiofilm
formation of about 35%. I€. leptophloeaswhen fraction concentration decreased to
0.25 mg/mL,P. aeruginosabegan to grow and biofilm inhibition decreased%bdf
biofilm formation) (Fig. 5B). The number of CFU/mafter F7 treatments was
determined and bacteriostatic effects were obsarvetl concentrations tested for the
three plants evaluated (Fig. 5A-C).
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Figure 3 Transmission electron microscopy (TEM)(A) untreated and extract-treatBdaeruginosa
cells, at minimum inhibitory concentration (MIC)f (B) A. colubring (C) C. leptophloeosand (D)
M. urundeuva Scale bars: 15000X magnification in the imagesdfits: 120000X magnification and
500000X magnification). Black arrows with white lig: vacuoles in the cells; white arrows with
black outline: normal morphology.
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Figure 4 Fluorescence microscopy (FM) imagegA) untreated and extract-treat®d aeruginosa
cells, at minimum inhibitory concentration (MIC){ (B) A. colubring (C) C. leptophloeosand (D)
M. urundeuvg1000X magnification).
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Figure 5 Effect of tannins (F7) onP. aeruginosa biofilm formation, bacterial growth, and
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Figure 6 shows the MALDI-TOF spectra of the polyioéannin mixture of the
F7 fractions fromA. colubrina, C. leptophloeognd M. urundeuva.The molecular
formulae were obtained from the mass data, andiBAMS data were important to
establish the units of flavan-3-ol or galloyl boundoligomers. All ions and fragment
lons were cationized by sodium. Proanthocyanidims qondensed tannins) were
identified fromA. colubrinaand C. leptophloeogractions, yielding units mainly of
profisetinidin and prorobinetinidin types, up to 40d 13 units, respectively (Table 2,
Fig. 7). In additionM. urundeuvdraction was composed of hydrolyzable tannins that
were gallic acid derivatives, being esterified bocgse carbohydrate.

The mass spectra &. colubrinafraction showed a series mostly composed of
units of profisetinidin (2724) (Table 2), such as the majoritarian polymerideser
(857, 1129, 1401, 1673, 1945, 2217, 2489, 206(Fig. 6A and Table 2 — series B).
The main differences between the series occurretbwrest-mass oligomers. The
MS/MS of m/z 857 yielded the fragment ioms/z 585 and 295, the latter confirmed
profisetinidin as the starter unit and the formasswelated to procyanidin addition (see
supporting information). The fragment iongz 705 and 433 represented the loss of
152 u and confirmed the B-ring substituents of the psmub units. Therefore, the
MS/MS data confirmed profisetinidin units throudje tC-ring fragmentation pathway,
such as the fragments vyielding the loss of 15@8nd other units. Other important
polymers of this fraction were bound to one or pwvocyanidins (28&i) and/or to one
prorobinetinidin (288u) with repeat units of profisetinidin (2742 (Table 2- series C
and D, respectively). The polymeric seriesdofcolubrinashowed differences in 16
which represents oxygen (hydroxyl); additionalll, @mpounds were linked by B
type (Fig. 7A).

In the fraction fromC. leptophloeosthe main polymeric series was yielded
with repeat prorobinetinidin units (28§ (Fig. 6B and Table 2 — series A). All these
compounds were determined through MS/MS data (spposting information), and
this series of compounds exhibited a B-type linkdgeseries B, the peak/z 1159
yielded the fragmentsn/z 1007, 989, 871, 719, 581, 429, and 311 in the MS/MS
spectrum, similarly to what was observed for treginentation pathway of iom/z

871. The compound ah/z871 was produced by coupling one profisetinidin ama
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prorobinetidins, the second unit with an A-typekéige (Fig. 7B). Thus, the
compounds of this polymeric series have a diffeeeoic2u. Series C (Table 2) was
formed by repeat units of prorobinetinidin and oolye prodelphinidin, which was
confirmed by MS/MS data, with the loss of libBonfirming this unit.

The fraction fromM. urundeuvawas also analyzed by MALDI-TOF, and
hydrolyzable tannins were observed in its compmsitiThe MS spectrum showed
peaks with 1521 increment (Fig. 6C) and MS/MS spectra showed cariseclosses
of gallic acid units attached to glucose, as olexim a recent study [9], confirming
the presence of gallotannins in this fraction. Heeve the structural elucidation of

gallotannin series was not possible, since the MSddta were inconclusive.

4. Discussion

The ability to impair bacterial adhesion represearisdeal strategy to combat
bacterial pathogenesis, given its importance in ¢aey stages of the infectious
process. In addition, bacterial adhesion blockaslesuitable as a prophylactic
intervention to prevent infection [10]. Therefotbe use of natural agents that can
successfully inhibit cell attachment is a promisiwgpl for reduction of bacterial
colonization on several surfaces [11]. In recerdrye studies have reported anti-
adhesive or antibiofilm activities of compounds, ieth are related to their
antimicrobial properties [12-16].

Plants produce many compounds that are biologi@adtwe, either as part of
their normal program of growth and developmentrnoreisponse to pathogen attack or
stress. TraditionallyA. colubring C. leptophloeoandM. urundeuvahave been used
by communities in the Caatinga to treat infectidisgases, such as cough, bronchitis,
influenza, urinary/liver diseases, ulcerative exa¢lesions, and ovarian inflammation
[17,18].
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Figure 6 Mass spectra (positive ion mode) of F7 fadions. (A) A. colubring (B) C. leptophloeos,
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Table 2. Distribution of polyflavanoid oligomers by MALDI-OF for tannin F7 fractions d.
colubrinaandC. leptophloeos

Fraction F7 [M+Na]" (error) MF Compound
841.2139 (4.3 ppm) CasH3¢01s5 3 PFI
1113.2831 (3.9 ppm) CsoHs00%0 4 PFI
1385.3545 (5.2 ppm) C7eHg,005 5 PFI
Series A 1657.4131 (1.6 ppm) CooH7403 6 PFI
1929.4889 (2.4 ppm) CyoeHgeOss 7 PFI
2201.5526 (6.2 ppm) C1oHsgOu0 8 PFI
2473.6316 (4.2 ppm) Cy3:H11Ose 9 PFI
857.2089 (4.3 ppm) CasH3¢016 PFI — PCY - PFI
1129.2660 (6.0 ppm) CsoHs00z1 PFI - PCY - 2 PFI
1401.3444 (1.6 ppm) CyeHg,056 PFI - PCY - 3 PFI
. . 1673.4018 (5.3 ppm) CegH74051 PFI - PCY - 4 PFI
A. colubrina SeriesB 19454764 (1.4 ppm) CyoeHecOse PFI - PCY - 5 PFI
2217.5378 (4.4 ppm) C1oHggOu1 PFI - PCY - 6 PFI
2489.6035 (5.0 ppm) Ci3sH11¢046 PFI - PCY - 7 PFI
2761.6966 (4.4 ppm) Cy5cH12,05 PFI - PCY - 8 PFI
1417.3433 (4.4 ppm) C;cHg,057 PFI - PCY - 2 PFI - PCY
1689.3964 (5.4 ppm) CooH7403, PFI - PCY - 2 PFI - PCY - PFI
Series C 1961.4630 (5.6 ppm) C1odHgeOs7 PFI - PCY - 2 PFI - PCY - 2 PFI
2233.5266 (7.1 ppm) C1oHsgO42 PFI - PCY - 2 PFI - PCY - 3 PFI
2505.6230 (4.8 ppm) Cyz:H11Ou7 PFI - PCY - 2 PFI - PCY - 4 PFI
Series D 873.2014 (1.5 ppm) CasH3g017 PFI - PCY - PRO
1145.2718 (2.8 ppm) CscHscOx; PFI - PCY - PRO - PFI
889.1903 (5.3 ppm) CasH3¢01s 3PRO
1177.2547 (3.2 ppm) CeoHs00z4 4 PRO
1465.3119 (6.8 ppm) C7eHg-050 5 PRO
1753.3925 (4.2 ppm) CegH74056 6 PRO
2041.4558 (3.5 ppm) C10sH56042 7 PRO
Series A 2329.5124 (0.2 ppm) C1o0Hgg04s 8 PRO
2617.5827 (2.8 ppm) C135H1100s4 9 PRO
2905.6428 (1.4 ppm) CisH12060 10 PRO
3193.7053 (0.1 ppm) C1eH13066 11 PRO
3481.7596 (1.7 ppm) CigH 146072 12 PRO
3769.8211 (2.1 ppm) Cyo:H1507¢ 13 PRO
871.1876 (3.6 ppm) CasH3017 PFI - PRO - PRO*
1159.2381 (8.4 ppm) CeoHas0x03 PFI - PRO - 2 PRO*
1447.3182 (4.8 ppm) C7eHgoO09 PFI - PRO - 3 PRO*
1735.3695 (3.0 ppm) CogH7,0s5 PFI - PRO - 4 PRO*
2023.4327 (2.6 ppm) C10sH54041 PFI - PRO - 5 PRO*
C. leptophloeos  Series B 2311.5065 (2.2 ppm) C1o0Hge047 PFI - PRO - 6 PRO*
2599.5567 (3.1 ppm) Ci3gH1060s3 PFI - PRO - 7 PRO*
2887.6290 (0.3 ppm) CisH12¢0se PFI - PRO - 8 PRO*
3175.7055 (4.4 ppm) C1sH13065 PFI - PRO - 9 PRO*
3463.1° CisdH14071 PFI - PRO - 10 PRO*
3751.8° Cio:H156077 PFI - PRO - 11 PRO*
889.1903 (5.3 ppm) CasH3¢01s 3PRO
1193.2623 (7.5 ppm) CeoHs0Oxs 3 PRO - PDE
1481.3236 (4.6 ppm) C;eHg,051 3 PRO - PDE - PRO
1769.3789 (0.7 ppm) CegH74057 3 PRO - PDE - 2 PRO
2057.4309 (6.1 ppm) C10sH560u3 3 PRO - PDE - 3 PRO
Series C 2345.4921 (6.3 ppm) C1o0H9g040 3 PRO - PDE - 4 PRO
2633.5869 (6.3 ppm) C13sH110ss 3 PRO - PDE -5 PRO
2921. 6171(5.3 ppm) CisH12061 3 PRO - PDE - 6 PRO
3209.6808 (5.1 ppm) CigH134067 3 PRO - PDE - 7 PRO
3497.8° CrsH14¢073 3 PRO - PDE - 8 PRO
3785.8° Cy9:H15¢07¢ 3 PRO - PDE - 9 PRO

MF: molecular formula, PFI: Profisetinidin, PCY:deyanidin, PRO: Prorobinetinidin, PDE: Prodelphinic
A-type, NO: not observed with internal calibramv{l intensity).
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Figure 7 Polymeric structure of the condensed tanni purified from the plants studied. Typical
linear condensed tannin with a B-type linkage () an A-type linkageni/z871 [M+Na]) identified
from C. leptophloeos(B). Profisetinidin (PFI), procyanidin (PCY), prdmoetinidin (PRO), and
prodelphinidin (PDE).
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In this study, we demonstrated that highly com@euctures (Fig. 6 and 7 and
Table 2) of proanthocyanidins (mostly composedrofipetinidin inA. colubrinaand
prorobinetinidin inC. leptophloegsand hydrolyzable tannins (consisting of gallicdac
units in M. urundeuva inducedP. aeruginosadamage, providing bacteriostatic and
anti-adhesive effects. Bacterial growth kinetic exments revealed that inhibition of
bacterial growth persisted up to 9 h post-inculbat{&ig. 1). The bacteriostatic
property was confirmed by cell counting (CFU/mL)eaf F7 tannin and extract
treatments (Fig. 5 and Table 1) and by recoveriagtdyial growth of extract- and
erythromycin-treated cells, as indicated by Dmeasurements in the Kkinetic
experiment (Fig. 1). At MIC, the extracts were addie to inhibit bacterial adhesion
and prevent biofilm formation on the polystyrenaface for 6 and 24 h after
incubation. However, this activity was lost aftéd B of incubation (Table 1). SEM
was employed to improve understanding of the catal#é impact of the extracts upon
the behavior of bacteria. We could observe that -Ge&ted cells presented
morphological changes, such as stalked nubs (vanitavs with black outline in Fig.
2), a phenotype that is also induced by amikacthaytetracycline [19]. This finding
supports the hypothesis that morphological chanwga® due to the mechanisms of
bacteria involved in protection against aggresgrom extracts. At 24 and 48 h of
incubation (the latter characterizing the maturagst of biofilm development),
untreatedP. aeruginosavas enclosed by extracellular matrix, while juge@48 h of
treatment cells were surrounded by a very discneddrix (Fig. 2). Flemming and
Wingender [20] demonstrated that matrix is esskmbia biofilm formation, which
allows a lifestyle that is entirely different frotime planktonic state, and concluded that
there is no biofilm without a matrix. Based on thedservations, we may suggest that
P. aeruginosaagglomerates as visualized by SEM at 24 and 4Btheatment could
not be considered biofilm structures.

The level of bacterial membrane dysfunction coutdeptially result in cell
death and may explain the rapid loss of viabilibg@ved in the kinetic experiments.
Although TEM and FM showed no viable cells, thesalgses also indicated the
presence of cells without morphological alteratiaml with an intact membrane.

These findings are consistent with Pankey and Salkegbrt [21], who highlighted that
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most agents characterized as bacteriostatic agest@ble to kill some bacteria — often
more than 90-99% of the inoculum, but this is ndftisient (>99.9%) to characterize
them as bactericidal agents. Although vitro bacteriostatic/bactericidal data may
provide information on the potential action of amtrobial agents, this is only one of
many factors required to predict a favorable chhioutcome. Bacteriostatic agents
have been effectively used in the treatment of eadbtis, meningitis, and
osteomyelitis — indications that are often con®deto require bactericidal activity
[21]. Additionally, the bacterial membrane may lmenpromised during antimicrobial
treatments, such as due to exposure to a bactiwstigent. The ultrastructural
analysis ofP. aeruginosgFig. 3) showed that extract-exposed cells preskeakcess
vacuoles and a disrupted cell wall, when compapedntreated samples. FM results
(Fig. 4) suggest that the extracts have anti-mengbractivity, resulting in the
disturbance of membrane structure in a large amoiucells, while displaying absence
or very low toxicity against human erythrocytes,iethcorroborates the idea of a
selective action of these tannins uptiraeruginosanembrane.

The programmed death of some damaged cells may epefibial to a
multicellular bacterial community [22]. Thus, thecorrence of both viable and dying
cells after extracts treatment could be understa®d suicide mission that would
contribute to the maintenance of a population. &hsrstrong evidence that genomic
DNA released durind®. aeruginosalysis is a structural component of the biofilm
matrix, supporting the idea that cell lysis conitds to the stability of the biofilm
structure [23]. These findings are in agreementhwour data, which show the
development oP. aeruginoseclusters at 48 h of incubation, at the same timiatp
when the potential of extracts to impair bacteaidhesion is decreased. The immune
system is capable of eliminating pathogens that ldvartherwise persist in the
presence of bacteriostatic agents, although thairetion of persister cells from
biofilms by the immune system has not been spetifistudied yet [22].

As a Gram-negative bacteriu®, aeruginosahas a cell wall consisting of a
peptidoglycan layer and an additional outer memdif2d]. It should be noted that, in
order to reach the cell membrane, tannins mussdtues bacterial cell wall. Scalbert

[25] has suggested that the cell wall probably gixart of tannins, contributing to
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increase their MIC values. This observation is gneament with our results, since
MIC values for the extracts ranged from 1.0 to sh@mL (Table 1) and for purified

tannins (F7) the value was 1.0 mg/mL forleptophloeosand at least 0.625 mg/mL
and 1.0 mg/mL foA. colubrinaandM. urundeuvarespectively (Fig. 5).

This study represents an unprecedented report gmogitemical analysis,
identifying tannins from three important plants dises folk medicine in BrazilA.
colubrina C. leptophloeosandM. urundeuvalt is also the first work to elucidate the
tannin structure of plants from the genefmadenantheraand Commiphora
Considering the origin of the plant material (stdarks), the extraction method
(aqueous maceration) and the data about the taomitent of these species [26], the
achievement of tannins by bioguided fractionatioaswas expected. It is worth
mentioning that, as previously reported by Almeataal [27], Caatinga plants are
exposed to high solar radiation in a semiarid emritent, which favors the synthesis
of phenolic compounds, reinforcing the medicinaleptial of plants from this biome.

In summary, we propose that tannins are able tibiinbiofilm formation by
damaging the bacterial membrane and hindering magiroduction, displaying
bacteriostatic properties. Therefore, biofilm fotioa is prevented during minimal
bacterial growth; when cells start to grow, theg able to attach to the surface and
develop matrix-deficient cell clusters. The badstatic activity againd®. aeruginosa
observed in this study provides a scientific bagigch may justify some uses of these
plants in traditional medicine. To the best of &apwledge, this is the first study to
show the modulation oP. aeruginosabiofilm formation by the herein described
bacteriostatic tannins and the first to report thentification of tannins fromA.
colubrinaandC. leptophloeosThis fact highlights the importance of this wigesad
and abundant class of secondary metabolites irehiglants against one of the most

challenging issues in the hospital setting: biofitsilience.
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Supporting Information

Table S1Yield (mg/% w/w) of each fraction obtained frompBadex column in relation to the
powdered plant material.

A. colubrina C. leptophloeos M. urundeuva

F1 (water) 3.60 5.96 8.17

F2 (30% methanol) 0.33 0.14 0.32
F3 (50% methanol) 1.57 0.44 0.52
F4 (methanol) 5.26 1.33 2.61
F5 (10% acetone) 0.3 0.09 0.1

F6 (30% acetone) 0.07 0.01 0.03
F7 (50% acetone) 0.22 0.29 0.37
F8 (70% acetone) 0.04 0.10 0.07

F9 (acetone) 0.33 0.24 0.01
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Abstract

Investigation of leaves extract Bityrocarpa moniliformis(Benth.) Luckow &
R. W. Jobson by bioguided fractionation led to obitg 9 fractions and the
identification of active proanthocyanidins. The ustures of these non-biocidal
antibiofilm proanthocyanidins againstaphylococcus epidermidisa permanent
colonizer of human skin and one of the most fretjwamise of indwelling medical
devices infections, which characteristically inhbiofilms, were elucidated by
matrix-assisted laser desorption ionization-timelight mass spectrometry (MALDI-
TOF MS).P. moniliformiscondensed tannins consist predominantly of prduieigin
units, presenting all B-type linkage and completelyjnear structures.
Proguibourtinidol, procyanidin and galloyl units neethe substituents found in the
heteropolyflavan-3-ols structures. The spectra sttlted a series of peaks
corresponding to the presence of the prodelphinitinomer /2329 [M+NaJ) until
oligomers of up to 13 flavan-3-ol unitsn{z 3929 [M+NaJ]). P. moniliformisis
widespread in dry forests of semi-arid Northeastrazil (Caatinga), where it has
been used by local community as medicine. Despgeabundance of this species in
the Brazilian semi-arid region, phytochemical stsdiemain scarce and little is known
about its biological activities. We combined phytemistry and microbiological
studies to establish, for the first time, tHat moniliformisis a source of complex
flavan-3-ol oligomers able to prever8. epidermidisbiofilm formation without
interfere in bacterial growth. Finally, our resufighlighted a homogeneity regarding
the intermolecular bonds (linear B-type interflaylatinkages) and the pattern of
hydroxylation (riched in prodelphinidin), but a Beigeneity concerning on the degree
of oligomers polymerization (DP) of 1 to 13 of thoactive proanthocyanidins

derived fromP. moniliformis

Keywords: tannin, MALDI, Pityrocarpa moniliformis delphinidin, biofilm,

Staphylococcus epidermidis
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1. Introduction

Bacterial adhesion plays a pivotal role in the olical surface colonization,
constituting the first step in the development dfuctured surface-associated
communities of bacteria called biofilms (Costert@899; Dunne, 2002; Otto, 2012).
Living as biofilms, bacterial cells are protected & self produced-matrix, which
enhances resistance to antimicrobials agents whempared to the free-floating cells
(planktonic lifestyle) (Hoiby et al., 2010; Ottop?2). The reduced permeability of
antimicrobial agents and the stationary phase dravftsome bacterial cells, both
biofilm resistance traits, have been postulatedeasons for recalcitrance of biofilms
to treatments (Pozo and Patel, 2007; Hoiby ef@allD).

Therefore, adherent communities are very problematclinical settings. They
have been shown to be associated with several hdiisaases, such as native valve
endocarditis and cystic fibrosis, and to colonizevide variety of medical devices
(Donlan and Costerton, 2002; Burmolle et al., 20&2rounting for over 80% of all
human bacterial infections according to US Natiolmdtitutes of Health (Davies,
2003). The genuStaphylococcugsanks first among the causative agents of nosadomi
infections. In particular,S. epidermidisrepresents the most frequent cause of
indwelling medical devices infections, which chaeaistically involve biofilms (Otto,
2009). Hence, the identification of compounds thaget bacterial virulence (such as
biofilm formation) rather than cell growth repretean alternative approach to control
pathogens. The greatest advantage to targetingithience factors of pathogens is
that there is milder evolutionary pressure fordegelopment of resistance, differently
of antimicrobials agents (Cegelski et al., 2008sk®aand Sperandio, 2010). In this
sense, the utility of natural products as sourd¢esouwel structures, but not necessarily
the final drug entity, is still alive and it mayrge as the leads and scaffolds for
elaboration of needed efficacious drugs (NewmanhGragg, 2012).

Pityrocarpa moniliformis(Benth.) Luckow & R. W. Jobson is a mimosoid
legume widespread in dry forests of semi-arid Neathtern Brazil (Caatinga) and in
Venezuela. It presents a rapidly-growing, possesaldo medium sized (Azeredo et
al., 2010) and is popularly known in Caatinga aszeazo, angico de bezerro or

quipembe.P. moniliformisis used by local community as source of wood,caage
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for cattle and goat (Azeredo et al., 2010) and adione due its healing properties
(Trentin et al., 2011). Despite the abundance isf species in the Brazilian semi-arid
region, phytochemical studies remain scarce atié i& known about its biological
activities. The insecticidal effect of seeds ethi@nextract (Souza et al., 2011), the
antioxidant effect potential, DNA protection abéd# and antiStaphylococcus aureus
action of hydroalcoholic extract from fruits (Sihe al., 2011, 2012), as well as our
previous work demonstrating the antibiofilm actyuitf leaves aqueous extract against
S. epidermidis(Trentin et al., 2011) are examples of biologigaltential of P.
moniliformis

In order to improve the knowledgement on the phygocistry of Brazilian
semi-arid species, herein we describe the bioguiplegtochemical investigation
regarding antibiofilm properties of the aqueougaots fromP. moniliformisleaves
and the identification of proanthocyanidins, by MAEMS/MS analysis, for the first
time. Our results demonstrated that the high-ppideldin condensed tannins
presenting all B-type linkage and heterogeneousesgegf polymerization (DP) are

responsible by the non-biocidal antibiofilm actwégainstS. epidermidis

2. Results and Discussion

The leaves aqueous extract resembles the poputaofuB. moniliformisin
Brazilian semi-arid, thus it was the extraction qggadure chosen in this work.
Polyphenol derivatives, such as flavonoids, arergtas of natural products easily
extracted by water, however in light of our restifts biological activity was showed
only by an insoluble methanol fraction which washsequently, extracted with 70%
acetone (AE). Sephadex LH20 was used to fractiotteeAE, where the bioactive
fractions were eluted with methanol or gradienagtieous acetone (F4-F9). Here we
demonstrated that the biofilm formation By epidermidison a hydrophobic model
surface (polystyrene) was strongly prevented wheurifipd fractions of
proanthocyanidins (F4-F9) were used (Fig. 1a).dditeoon, they were able to avoid
biofilm formation independently of action on ba@érgrowth, in concentrations of
4.0, 2.0 and 1.0 mg/mL (Fig. 1b).
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The chromatographic and chemical properties obderfee the bioactive
fractions (data not shown) indicated that largeyploénolic molecules, like tannins
could be the responsible ones by the activity. Maracterize and to determine the
chemical composition of the active samples aganspidermidigiofilm formation,
we employed MALDI-MS/MS, a very suited tool for thanalysis of highly
polydisperse and heterogeneous proanthocyanidinendlyhs et al., 2010). This
technique is able to distribute a complex mixtufecompounds into portions of
different m/z values and tend to produce single charged spewigish is of great
importance for identify the molecular ion of higholecular weight compounds (El-
Aneed et al.,, 2009). Although MALDI-TOF spectra pblydispersive oligomers
present a characteristic pattern of decreasingakigtensity with increasing degree of
polymerization (DP), due to the detector saturatiotih lower masses that reach the
detector first (Reed et al., 2005), the intensityeach peak could be related to the
amount of the corresponding oligomer presents ensdimple by a semi-quantitative
way, enable us to deduce the majority series di &action.

The bioactive fractions were characterized as sewé polyflavan-3-ol
oligomers based on a mostly prodelphinidin unieamg structure (losses of 304 Da)
having B-type interflavanyl linkages, in which moners are linked through the C-4
position of the top unit to the C-8 position of tterminal unit, leading to linear
structures (Table 1, Fig. 2 and Scheme 1). The Riels Alder fragmentation of the
C-ring flavanol confing the loss @ih/z 168 or 152 indicate the presence of a three or
di-hidroxilated B-ring, respectively; confiming theresence of prodelphinidin or
procyanidin  structures. MALDI-MS/MS  analyses ofP.  moniliformis
proanthocyanidins allowed the determination of steater and the extender units of
each selected oligomer series and the detectiatigiimers with a variable DP in all
fractions (Table 1). With exception of F9, in alhdétions we detected one series
formed by prodelphinidinng/z 304) homopolymer and other series constituted by
heteropolyflavan-3-ols, presenting prodelphinidin nitet bonded to one
proguibourtinidin, procyanidin or galloyl residu€Bable 1 and Scheme 1 and 2). In
the oligomeric series that present proguibourtmidithe starter unit was a

proguibourtinidin residue with interflavanyl bondsa the C-4 to C-8 of the
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prodelphinidin (the extender unit). However, whém tprocyanidin or the galloyl
residues are present, the precursor unit was tiaejphinidin, following by the C4-C8
linkages of the procyanidin or by the linkage of tialloyl residue on the hydroxyl of
C3 of the second prodelphinidin unit (Scheme 2)c&ino configurational information
can be gleaned from MS, we can not unequivocabigashe specific stereochemistry

of interflavanyl bonds.

Table 1 Distribution of polyflavan-3-ol oligomers by MALDT-OF for tannins froni. moniliformis

Fraction [M+Na]* MF Compound
F4 937 CicH36051 3 PDE
889 CusH3015 1PGU -2 PDE
1193 CooHsc0ss 1 PGU - 3 PDE
1497 CrsHs:03, 1 PGU - 4 PDE
1801 CgoH74039 1 PGU -5PDE
Series 1 2105 Ci1o5Hge046 1 PGU -6 PDE
2409 C1o0H9g0s3 1PGU -7 PDE
2713 Ci3sH110s0 1 PGU -8 PDE
3017 CisH12067 1 PGU -9 PDE
F5 3321 CioeH13:074 1 PGU - 10 PDE
329 C1sH1.07 PDE
633 C30H26014 2 PDE
937 C45H38021 3 PDE
. 1241 CsoHs0028 4 PDE
Series 2 1545 CrsHe:035 5 PDE
1849 CooH74042 6 PDE
2153 CroHs:Ou0 7 PDE
2457 CracHosOse 8 PDE
329 Ci5H1407 PDE
633 C30H26014 2 PDE
937 C45H38021 3 PDE
Series 1 1241 CsoHs50028 4 PDE
1545 CrsHs:035 5 PDE
1849 CooH74042 6 PDE
2153 CroHs:Ou0 7 PDE
2457 CrocHo:Os6 8 PDE
329 Ci5H1407 PDE
617 C3oH26013 PDE - PCY
921 CsH3050 PDE - PCY - PDE
Series 2 1225 CsoHs0027 PDE - PCY - 2 PDE
F6 1529 CrsHe:034 PDE - PCY - 3 PDE
1833 CooH74041 PDE - PCY - 4 PDE
2137 CroHseOus PDE - PCY - 5 PDE
2441 CraHo:Os5 PDE - PCY - 6 PDE
2745 C13:H11Og2 PDE - PCY — 7 PDE
329 Ci5H1407 PDE
633 C30H26014 2PDE
785 Cs7H30045 2 PDE - GAL
Series 3 1089 CsoH4055 2 PDE — GAL - PDE
1393 CoHs5:03, 2 PDE — GAL — 2 PDE
1697 CeHse030 2 PDE — GAL — 3 PDE
2001 CoH76046 2 PDE — GAL — 4 PDE

2305 Ci1,Hg¢Os3 2 PDE - GAL - 5 PDE
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329 CrHiiO; PDE
633 CagHaO14 2 PDE
937 C45H38021 3 PDE
1241 CocHecO2s 4 PDE
Series 1 1545 CreHerOss 5 PDE
1849 CocH7:0a2 6 PDE
2153 CroHacOs0 7 PDE
2457 CroHagOs6 8 PDE
2761 CragH116063 9 PDE
3065 C15QH12207C 10 PDE
617 CaHacO1a PDE - PCY
921 CacHaeO20 PDE - PCY - PDE
1225 CocHecOa7 PDE - PCY — 2 PDE
Series 2 1529 CreHexOus PDE - PCY — 3 PDE
F7 1833 CocHriOa1 PDE - PCY — 4 PDE
2137 CroHaeOss PDE - PCY — 5 PDE
2441 CroHegOss PDE - PCY — 6 PDE
2745 CracH11O062 PDE - PCY — 7 PDE
329 CoaHiiO; PDE
633 CagHoeO14 2PDE
785 CaHacO1s 2 PDE — GAL
Series 3 1089 CaHuzOgs 2 PDE — GAL - PDE
1393 CoHsOm 2 PDE — GAL — 2 PDE
1697 CoHecOs0 2 PDE — GAL — 3 PDE
2001 CorHreOu6 2 PDE — GAL — 4 PDE
2305 CrisHooOss 2 PDE — GAL — 5 PDE
2609 CraH160%0 2 PDE — GAL — 6 PDE
2913 CrazH11.067 2 PDE — GAL — 7 PDE
889 CacHaO1s 1PGU—2 PDE
1193 CocHecOgs 1PGU - 3 PDE
1497 CreHexO 1 PGU — 4 PDE
1801 CogH7400 1 PGU - 5 PDE
2105 CroHaeOs6 1 PGU - 6 PDE
Series 1 2409 C1o0H9g0s53 1PGU -7 PDE
2713 CraH110060 1 PGU - 8 PDE
3017 CrogH12:067 1 PGU - 9 PDE
3321 CreH15:074 1 PGU — 10 PDE
F8 3625 CroH146081 1PGU - 11 PDE
3929 CresHy50ge 1 PGU — 12 PDE
329 CuaHiO; PDE
633 CagHatO14 2 PDE
937 CasHasOn1 3 PDE
. 1241 CocHecO2s 4 PDE
Series 2 1545 CreHeoOss 5 PDE
1849 CocH7:0a2 6 PDE
2153 CroHacOs0 7 PDE
2457 CraoHegOx¢ 8 PDE
889 CacHaO1s 1PGU—2 PDE
1193 CoHecOgs 1 PGU - 3 PDE
1497 CreHexO 1 PGU — 4 PDE
1801 CoH7400 1 PGU - 5 PDE
2105 CroHacO6 1 PGU — 6 PDE
Fo Series 1 2409 CraHesOs5 1PGU - 7 PDE
2713 CrasH116060 1 PGU - 8 PDE
3017 CrsH12:067 1 PGU - 9 PDE
3321 CreH15:074 1 PGU — 10 PDE
3625 CrogH126081 1PGU - 11 PDE
3929 ChresH15605e 1 PGU — 12 PDE

MF: molecular formula, PGU: Proguibourtinidin, POBrodelphinidin; PCY: Procyanidin, GAL: Galloyl
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Fig. 2a.Mass spectra (positive ionization mode) of F4 faacbbtained fronP. moniliformisleaves:
presence of a trimer with 3 prodelphinidin unite/4 937). The insert shows the absence of high
molecular weight peaks in the spectra umta4000.
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Fig. 2b. Mass spectra (positive ionization mode) of F5 faactfrom P. moniliformisleaves: the
majority series (series 1) is highlighted, showihg presence of oligomers riched in prodelphinidin
including one proguibourtinidin unit, with DP up &
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majority series (series 1) is highlighted, showihg presence of oligomers riched in prodelphinidin

including one proguibourtinidin unit, with DP up 18.



173

R1
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Scheme 1.Schematic representation of monomeric uthitgt form the proanthocyanidins obtained
from P. moniliformisleaves. R1 and R2 represent the binding site leetiee units.
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n= 1-11

m/z2745 [M + Na]' mz2013[M +Na|

Scheme 2.Schematic representation of proanthocyanidins nbtafromP. moniliformisleaves. a)
Homopolymeric structure constituted by C4-C8 bouhgeodelphinidin units. b) Proguibourtinidin
C4-C8 bounded up to 12 prodelphinidin extender sunit) Procyanidin residue linked to
prodelphinidins though C4 and C8, reaching up poodelphinidin extender units. The prodelphinidin
monomer and the dimer prodelphinidin-procyanidisoalvere found. d) The galloyl substitution on
the hydroxyl of C3 of the second prodelphinidintenreaching up to 7 prodelphinidin extender units.
The prodelphinidin monomer, dimer and the dimekduhto the galloyl also were found.
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The occurrence of proguibourtinidin in Fabaceadeiscribed for the first time
in light of our results. Otherwise, procyanidin apdodelphinidin residues are
widespread in this family. In such way, a studyealeped withParapiptadenia rigida
taxonomic related toP. moniliformis demonstrated dimeric prodelphinidin and
procyanidin from bark (Schmidt et al., 2011). Thesmnknown anti-adherence and
antibiofilm properties of proanthocyanidins are ibkled by condensed tannins
derived from the North American cranberiyagcinium macrocarpgnor cranberry
juice, mainly againsEscherichia coli(Habash et al., 1999; Allison et al., 2000;
Eydelnant and Tufenki, 2008). They consist predamily of procyanidin
(epicatechin units) containing at least one A-tyfdinkage (Foo et al., 2000). In
2007, Delehanty and co-works demonstrated thatnphoayanidins from cranberry
are able to bind to the lipopolysaccharide (LPSm&@or component of the outer
membrane of Gram-negative bacteria, and that tl#$-hinding activity was not
limited only toE. coli LPS, having comparable affinities for LPS prepanadi from
Salmonella, Shigelland PseudomonasThe importance of the A-type linkage as a
prerequisite forE. coli anti-adhesion activity when compared with otheodfo
containing all B-linked proanthocyanidins also wdmmonstrated by Howell et al.
(2005). Also, Idowu et al. (2010) isolated a douliked A-type proanthocyanidins
from leaves oflxora coccineathat present antibacterial properties agaBatillus
subtilis

Regarding the biological activity that directedstimvestigation, we can observe
that antibiofilm fractions that eluted from Sephadéi20 from 10% to 100% acetone
(F5 to F9) present a series of closely related @amgs reaching complex structures
of up to m/z 3929 [M+Na] (DP of 13) constituted predominantly by B-linked
prodelphinidin units. In addition, the fraction &d with methanol (F4) presented just
15% of biofilm formation and was chemically chamied as possessing lower
molecular weight peaks up to/z 937 [M+Na] (prodelphinidin trimer). This is an
important observation, but the complete inhibitadrs. epidermidigiofilm formation
was obtained with fractions presenting higher DB-FB) (Fig. 1a). One motivation
for using P. moniliformis derived proanthocyanidins in the prevention $f

epidermidisbiofilm formation lies in its potential action amtiadhesive compounds
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independent of antibacterial mechanism as showfign1b, which may hamper the
selective development of resistant strains. It @ssible to verify that some
concentrations of testdel moniliformisfractions led to a significant stimulation $f
epidermidisgrowth when compared to non treated control, wicmhild be understand
as a bacterial defensive response against thenmes# action of the fractions (Fig.
1b). This similar profile of growth stimuli and Iilon formation inhibition byS.
epidermidisalso was observed to the crude aqueous extrattmbniliformis(Trentin
et al., 2011).

So far there is no study in the literature repgrtithe antiadhesion and
antibiofilm formation activity of proanthocyanidirgainstS. epidermidisThis Gram
positive bacterium is one of the most frequent eaus biofilm-associated infections
on indwelling medical devices, which has been recsyl as a microorganism
reservoir of genes that, after horizontal transfegcilitate the pathogenicity of
Staphylococcus aure®tto, 2012, 2013). Thereby, the results presehézdin allow
us to propose that, in contrast to studies on diheteria genus, the A-type linkage is
not essential for proanthocyanidins antibiofilm gty against S. epidermidis
Likewise, Janecki and Kolodziej (2010) providedderices that support our findings,
showing that reduced adherence by the Gram-podiasteriumStreptococcusvas
observed exclusively for prodelphinidins, suggestthat pyrogallol-type elements,
l.e., (epi)gallocatechin units are important structdealtures.

In addition, the traditional use &. moniliformiscould be justified by scientific
basis, corroborating with the evidences of a cati@h between tannin content and the
effects popularly attributed to wound healing, amtiammatory and antimicrobial of
Caatinga medicinal plants (Araujo et al., 2008;u8itp et al., 2012). In this sense, a
better understanding of the constituents of vedettnnins will not only lead to a
better understanding of their biosynthesis andogichl function in plants, but will

also enhance industrial and biotechnology appboat(Venter et al., 2012).

3. Concluding Remarks
As part of our ongoing research on antibiofiimsnir€Caatinga plants, this

report concerns the structural elucidation of tieattive proanthocyanidins from the
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agueous extract ¢. moniliformisleaves using bioguided phytochemical investigation
followed by MALDI-MS MS analysis. In this contexhe identification of compounds
that interfere in a bacterial virulence target,. eligniting biofilm formation (and not
impairing on its growth) offers the potential ajgplion to control pathogens with a
reduced selection pressure for drug-resistant muatat Importantly, we have shown
that tannins with high prodelphinidin content attsuch a way that viability of the
microorganisms is not negatively affected. The @nésvestigation is a pioneer study
using the plantP. moniliformis and demonstrates the important action of B-type

linkage proanthocyanidins in preventiSgepidermidibiofilm formation.

4. Experimental
4.1. General

Plant material was grounded into particles usifeader (Waring Laboratory,
Torrington, USA). Sterile 96-well polystyrene flabttom microtiter plates (Costar
3599) purchased from Corning Inc. (New York, USA)he absorbances were
measured on a Spectramax M2e Multimode Microplagader (Molecular Devices,
Sunnyvale, USA). Column chromatography was perforroeer Sephadex LH-20
(Sigma-Aldrich Co., St. Loius, USA). The high ragmn MS analyses were done at
an UltrafleXtreme MALDI-MS/MS equipment (Bruker Dahics, Bremen, Germany).
The internal and external calibration was conduckgth a mixture of peptides
(peptide calibration standard Il of Bruker: bradyki 1-7, angiotensin Il and I,
substance P, bombesin, renin substrate, ACTH dlif¥,1ACTH clip 18-39 and
somatostatin 28). The ions were yielded by a né@rolaser (337 nm) and accelerated
at 20 kV. For MS analyses, the experimental coma&i used were: pulsed ion
extraction of 100 ns, laser frequency of 1000 Hfectron mode, positive ion mode
and 600 shots were averaged to record a mass wpeddesides, the ions selected

were accelerated to 19 kV in the LIFT cell for MSMnalyses.

4.2. Chemicals
Solvents for extraction and purification procedunesse obtained from Merck

(Darmstadt, Germany). Mueller Hinton agar and toyet soya broth (TSB) were



178

purchased from Oxoid Ltd. (Basingstoke, EnglandjlSID used in crystal violet assay
was from Sigma-Aldrich Co. (St. Loius, USA). Aquesoplant extract, solvents
mixtures and culture medium were prepared with Hi-Ki water system (Millipore
Bedford, MA, USA).

4.3. Plant material

The leaves oP. moniliformiswere collected between July and August 2009 in
the Parque Nacional do Catimbau (PARNA do Catimpb&&rnambuco, Brazil. A
voucher specimen number (IPA 84048) was deposttéteaherbarium of the Instituto

Agronémico de Pernambuco, Brazil.

4.4. Extraction and purification of proanthocyamsdi

The dried leaves d®. moniliformiswere grounded into particles using a grinder
followed by a blender. Aqueous extracts were prgbdry maceration, during 24 h,
and lyophilized.

The bioguided fractionation was used to investigdite active compounds
present in the crude aqueous extractsPofmoniliformis leaves. The powder of
aqueous extract (15 g) was suspended in methaboh({j providing two samples: a
soluble fraction, inactive in the biological assad a bioactive and insoluble fraction
(12.9 g). This methanol insoluble fraction was drand further extracted with 70%
aqueous acetone (3 x 60 mL). The active acetonbleofraction was concentrated on
a rotatory evaporator at about 40 °C and the regutesidue was freeze dried to give
a brown powder (8.8 g). The acetone fraction (8)7wgs subjected to column
chromatography through SephadekH-20 eluted with 50 mL of: kD (4360 mg),
70:30 [HO:MeOH, v/v] (223 mg), 50:50 [D:MeOH, v/v] (314 mg), 100% MeOH
(600 mg), 90:10 [KO:(CHs),CO, v/v] (167 mg), 70:30 [D:(CHy),CO, v/v] (51 mg),
50:50 [HO:(CHy),CO, viv] (329 mg), 30:70 [D:(CHs),CO, viv] (159 mg) and
100% (CH),CO (25 mg). This procedure resulted in nine fracjovhich were coded
from F1 to F9.



179

4.5.MS analyses

According to Monagas et al (2010), we selected2tBedihydroxibenzoic acid
(DHB) as matrix to analyze the active fractiongrirB. moniliformis To minimize the
background ionization of matrix ab/z<1000u, we also carried out analyses using
DHB ionic matrix, as proposed by Pavarini et al120D The samples (2 mg) were
dissolved in 200 uL of ACN:kO (30:70, v/v). The DHB matrix (20 mg/mL) and DHB
ionic matrix (0.5 pL ionic matrix: 100 pL of solvenn ACN:H,O (30:70) with 0.1%
trifluoracetic acid were supplemented with 0.1 MNA&CI solution to increase the
detection of [M+Na] adducts. The sample solution and the matrix webeednin
equal amounts. These mixtures (1 pL) were spot@d a ground stainless steel
MALDI target and dried at room temperature. Theoraff sample:matrix:cationizant
agent employed was 1:1:0.1 (v/v/v). The compoun@sewdentified by MS data,
fragmentation pathway and accurate mass measuiag tise internal calibrant

(mixture of standard peptides and ions from DHBrimat

4.6. Bacterial strain and culture conditions
Staphylococcus epidermid&STCC 35984 was grown in Mueller Hinton agar
overnight, at 37°C, and a bacterial suspension.890NaCl, corresponding to 1

McFarland scale (3 x #@CFU/mL), was used in the assays.

4.7. In vitro bacterial antibiofilm activity

Fractions obtained from Sephadex LH-20 were diggbim water (10 mg/mL),
and a 4-fold dilution series (final concentratidndd), 2.0, 1.0 and 0.5 mg/mL) were
evaluated for activity against biofilm formationhd crystal violet assay was used as
previously described (Trentin et al., 2011). Insthissay the adherent biofilm layer
formed after 24 h of incubation is stained withstay violet and the absorbance is
measured. The biofilm formation control represeh@®)% of biofilm formation,
replacing the samples by water. Since there isanacbmmercially available non-
biocidal compound possessing antibiofilm activityg can not apply a positive control
to antibiofilm activity. Values higher than 100%present a stimulation of biofilm

formation in comparison to the untreated control.
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4.8. Bacterial growth assay
The bacterial growth was evaluated by the diffeeetetween the Olg,

absorbance measured at the end (24 h) and at gwenbey (0 h) of the incubation
time in polystyrene 96-well microtiter plates. Ascantrol for bacterial growth the
extracts were replaced by water, to represent 10D@tanktonic bacterial growth or
by rifampicin (8.0 pug/mL) to represent a positivantrol of antibacterial activity. To
avoid the interference of the samples color in rémsults, they were incubated with
TSB and sterile saline (without inoculum) and thihanetic means of the OD lectures
were corrected for each substance (by the suldraofi OD without innoculum from
the OD with innoculum). Values higher than 100%respnt a stimulation of bacterial

growth in comparison to the untreated control.

4.9. Statistical analysis
Biological activity values represent the mean sidtad deviation (SD) of three
independent experiments. The data were statisticalnpared using Student’s t-test,

and a p-value < 0.05 was considered significant.
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Fig. 1S.Mass spectra (positive ionization mode) of theobtained fronP. moniliformisleaves. In the
top the low molecular weight peaks and in the botpeaks betweem/z200 to 2000. Then/zvalues
are shown to the sample peaks, excluding matrikpederfering.
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Abstract

Biomaterials play a fundamental role in the impmoeat of health care;
however the microbial biofilm formation led to biaterials-associated infection,
which is now recognized as a major clinical prohleim this context, material surface
modifications in order to mitigate bacterial coloaiion have been investigated and
natural products have playing a significant rolehe drug discovery. In this study,
proanthocyanidins fronPityrocarpa moniliformis- a medicinal plant in semi-arid
Brazil - characterized by B-type linkage and byhniess of prodelphinidin units had
their anti-adhesion effect evaluated. Prodelphmiithed proanthocyanidins
completely preventeStaphylococcus epidermidisihesion up to 0.125 mg Mlby a
non-biocidal way, becoming the bacterial surfacelrbghilic and covering model
substratum surfaces. Interestingly, iron deprivatitay not be related to the biological
findings and proanthocyanidins presented a noregical pathway of action. When
the prodelphinidin-riched proanthocyanidins werdanspoated onto surfaces, as
demonstrated by XPS analysis and by their new Ippdlio character, surfaces were
repellent toS. epidermidisbut friendly to mammalian cells. These findings dav
important technological implications for a broadhga of implant materials, which
must promote tissue integration necessary for hgalihile simultaneously reduce the
bacterial colonization. It evidences the poterdaigplicability of the proanthocyanidins

as coating for biomaterial surfaces.

Key-words: Staphylococcus epidermiglisbacterial adhesion; proanthocyanidin;

coating; cell culture; XPS X-ray spectroscopy
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1. Introduction

Biomaterials play a fundamental role in disease agament and the
improvement of health care. As the population atiese is a growing need to sustain
functions and physiological process critical teelito restore or preserve a level of
activity, for diagnosis of disease, treatment delpvand tissue engineering [1-3]. Over
the last 4 decades, innovations in biomaterials medical technology have had a
sustainable impact on the diversity, function angmbher of biomaterials used
worldwide. Currently, these market has alreadys#ddJ$28 billion and it is expected
for the next few years an annual growth rate of 1&88aching about of U$58.1 billion
in 2014 [3]. Despite the advances, the major drawh@ implanted biomaterials
remains to be their susceptibility to microorganismhesion and the subsequent
biomaterials-associated infection that is recoghias a major clinical problem [4,5].
Importantly, bacterial attachment to a surface famther biofilm formation promotes
metabolic, phenotypic and genotypic changes thdtentbeir eradication extremely
difficult [6]. Bacterial biofilms constitute a strtured consortium of bacteria encased
in a self-produced matrix, been very resistantriion@crobials and able to evade host
immune system [7]. For these reasons, the adhesithe first stage of biofilm
formation - can be considered an attractive tatgetestrict or to control biofilm
infection.

Surface modifications in order to mitigate bacteralonization have been
extensively investigated, focusing mainly (i) thedification of the surface itself via
surface engineering methods to produce antifourmagerials [8-11] or (ii) by the
incorporation of antimicrobials compounds onto aaefs [12-15]. Although promising
results have been showed using this second apprdheh continuous use of
antimicrobials agents is controversial since it daduce selective pressure for
bacterial resistance and also due to the concotrdtiine in the development of new
antimicrobials [16,17].

While Staphylococcus epidermidigas for a long time regarded as innocuous,
recently it has been recognized as reservoirs olegedhat facilitate methicillin-
resistantS. aureuscolonization [18] and as the most frequent causenawelling

medical devices infections, which characteristicafivolve biofilms [19,20]. This
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probably stems from the fact th& epidermidisis a permanent and ubiquitous
colonizer of human skin, resulting in a high prabgbof device contamination during
insertion [21].

In this context, natural products offer a diveraege of structurally distinctive
bioactive molecules and they have been used asjar ®@urce of innovative and
effective therapeutic agents throughout human histplaying a highly significant
role in the drug discovery and development proed22]. From the existing
literature, polyphenols, terpenoids, alkaloidstifes; polypeptides and poly-acetylenes
represent phytochemicals that present antibacteaglvity [23,24]. Regarding
antibiofilm compounds, the ability of condensednias called proanthocyanidins (a
subclass of polyphenol compounds), especially friiorth American cranberry
(Vaccinium macrocarpgn to suppress bacterial adhesion of diverse miganmasms
have been extensively reported [25-29]. We havewshahat Pityrocarpa
moniliformis a widespread medicinal plant in dry forests ahisarid Northeastern
Brazil (Caatinga) is source of proanthocyanidinglyffavan-3-ols structures) which
differ from cranberry proanthocyanidins regardihg kind of intermolecular bonds
(linear B-type interflavanyl linkages) and the patt of hidroxilation (riched in
prodelphinidin) (unpublished data). Our motivati@n usingP. moniliformisderived
proanthocyanidins in the prevention 8f epidermidishiofilm formation lies that its
action as antiadhesive compound occurs indepenodkmintibacterial mechanism,
which may hamper the selective development of taasistrains (unpublished data).

In this study we investigate the vitro effects and the pathways involved on
anti-adhesion action of proanthocyanidins frBmmoniliformisupon hydrophilic and
hydrophobic model surfaces. In addition we perfanmoanthocyanidins-coated
substrates and characterized them by physicochengchaniques. Importantly, the
adhesion and spreading of epithelial mammalianscelh coated surface were
preserved despite this modified surface being lepb S. epidermidis

2. Materials and Methods
2.1. Surface, bacterial strain and culture condiso
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Bacterial adhesion is determined both by the tyfpmioroorganism and by the
properties of the surface of the material involy@d]. In this study we performed the
experiments employing hydrophobic (polystyrene &mmanox) and hydrophilic
(glass) material modelsStaphylococcus epidermidi@TCC 35984 was grown in
Mueller Hinton (MH) agar overnight, at 37 °C, andacterial suspension in 0.9%
NaCl, corresponding to optical density at 600 nnDg§) of 0.150 (3 x 18 CFU

mL™), was used in the assays.

2.2. Proanthocyanidins frofityrocarpa moniliformiseaves

Proanthocyanidins frol. moniliformisleaveswere purified, characterized and
had their chemical structures elucidated in ouviptesly work (see caption 4). In this
study we used a proanthocyanidins fraction obtalmedhromatographic purification
with 50% acetone through Sephadex LH20. This bieadtaction is constituted by a
majority series of prodelphnidin homopolymer and fwo minoritary series of
prodelphinidin heteropolymer (having one unit ofogyanidin or one residue of
galloyl). These olygomers present linear B-typeriivanyl linkages and degree of
polymerization varying from 1 to 10 (Fig. 1). Aqusosolutions of proanthocyanidins
were prepared in the day of each experiment udingpure MilliQ water (Millipore,
Bedford, USA) and were sterilized by 0.22 um fiitva. In the experiments of

coating, the proanthocyanidins were dissolved i01300% aqueous acetone.

2.3. Adhesion and biofilm formation assay

Adhesion and biofilm formation b$. epidermidisvere evaluated by the crystal
violet test as previously described by Trentinlgt2011[31]. Briefly, in the sterile 96-
well polystyrene flat-bottom microtiter plates (€asCorning 3599, USA), we added
80 upL of the bacterial suspension, 80 uL of theaptibocyanidins and 40 pL of
tryptone soya broth (TSB) (Oxoid Ltd., England)ll&wing the incubation period (37
°C for 24 h) the adherent biofilm layer formed ve&igined with crystal violet and the
absorbance at 570 nm was measured (Spectramax MRenklde Microplate Reader,
Molecular Devices, USA). The biofilm formation cosltwas considered to represent

100% of biofilm formation, replacing the proanthanidins by water. Since there is
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not a commercially available non-biocidal compouto$sessing antibiofilm activity,

we can not apply a positive control to antibioféwtivity.

m/22745 [M + Na]

m/z 2913 [M + Na] ~

Fig. 1. Chemical structures of the proanthocyanidins fRanmoniliformisleaves. The majority series
of prodelphinidin homopolymer, reaching upndz 3065 [M+Na] (A) and the minority series having
one procyanidin (B) or one galloyl (C) unit, readiup tom/z2745 and 2913 [M+Na], respectively.
The monomeric and dimeric prodelphinidin and thaedi linked to the galloyl as well as the dimer
prodelphinidin-procyanidin also were detected.
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A set of experiments were performed by pre-treatimegbacterial suspension (2
mL), proanthocyanidins (2 mL) and TSB (1 mL) in gila tubes, respecting the
proportions used in the microplates, during 24 IBat°C, and after evaluating its
ability to adhere and to form biofilm. As contrpkoanthocyanidins were replaced by
water. Afterwards bacterial cells were washed thises with sterile 0.9% NaCl
solution and harvested by centrifugation in ordeolbtain a proanthocyanidin-treated
bacterial pellet. Each inoculum was adjusted widrile 0.9% NaCl solution (optical
density of 0.150 at 600 nm). These pre-treatedebattcells (80 uL), water (80 pL)
and TSB (40 pL) were placed in the 96-well micestplates and incubated during 24
h at 37 °C. The biofilm formation was evaluatedthg crystal violet assay and the

bacterial viability by counting of CFU nit, as described below.

2.4. Bacterial growth and viability

Bacterial growth was evaluated in the microplatgsreasuring the difference
between the arithmetic means of the g@Dectures after 24 h (incubation time) of
wells having the proanthocyanidins, TSB and baakesuspension, from the wells
possessing the proanthocyanidins, TSB and stediees(without inoculum). By this
way, the interference of the samples color intedl tesults obtained by OD evaluations
was avoided. As control for bacterial growth, tmegmthocyanidins were replaced by
80 pL of water, representing 100% of growth, orrttgmpicin at 8 pg mt* (Sigma-
Aldrich Co., USA), representing the positive cohtfor the inhibition of bacterial
growth To verify the viability of bacterial cells, seridilutions of the wells were
performed and were spread on MH agar plates. Afternight incubation at 37 °C,
the number of colony-forming units (CFU) was detexed and expressed as log CFU

mL™.

2.5.Scanning Electron Microscopy (SEM)

Biofilms of S. epidermidisvere grown in 96-well microtiter plates, as ddsed
in Section 2.3, with a piece of Permanox™ slideacglass coverslip in each well.
After 24 h of incubation at 37 °C, the samples wixed in 2.5% glutaraldehyde,
washed with 100 mM cacodylate buffer pH 7.2 andydedied in increasing
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concentrations of acetone. The samples were dgigtdldoCQ critical point technique

and examined in a scanning electron microscope.

2.6. Confocal Laser Scanning Microscopy (CLSM) eration of biofilm structure
Using sterile polystyrene and coverglass-bottoshels, 800 pL of the bacterial
suspension, 800 L of the proanthocyanidins andud06f TSB were incubated (24 h
at 37 °C). After, the samples were stained withlL4gf the LIVE/DEAD BacLight
Bacterial Viability Kit (Life Technologies, USA) ding 30 minutes at room
temperature in darkness, and the dishes contengeraty replaced by water. Finally,
samples were directly observed with Confocal L&sanning Microscope (Leica DM
6000 CS) using a 63X upright objective. To eachama sequential scan in two
channels was carried out of each corresponding ptical section and 4 random
images were acquired. Overlapping images and oothaigcuts were obtained by

using the MetaMorph and the Imaris x64 softwares.

2.7. Iron chelation assessment

Ferrozine is a specific reagent which forms a megeolored complex with
ferrous ions. A standard curve was establisheceterthine the Fé concentration to
be used in the ferrozine assay as described elsewf32]. After, 50 pL of
proanthocyanidins solution mixed with 50 pL of 2001 Fe? (FeSQ. 7H,0, Sigma-
Aldrich Co., USA) in phosphate-buffered saline (RBS 7.2 and with 50 pL of a 10
mM hydroxylamine aqueous solution, were incubated % minutes at room
temperature. Oxidation of ferrous iron was preventey adding, firstly, the
hydroxylamine aqueous solution to the reaction amect Following the incubation, 50
puL of 10 mM ferrozine aqueous solution was addedh®o wells. Formation of the
iron-ferrozine complex was then determined at 562ta assess the amount of iron
chelated by proanthocyanidins. For comparison @in-chelating activity, 2,2-
bipyridyl (Sigma-Aldrich Co., USA) was used as anstard iron chelator.
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2.8. Bacterial surface hydrophobicity index

Surface hydrophobicity 06. epidermidisvas determined using the microbial
adhesion to hydrocarbon (MATH) test [33]. The samplvere prepared in plastic
tubes according to the Section 2.3 (pre-treatingahples) and washed cells were
harvested by centrifugation. The bacterial suspessiwere adjusted to an initial
ODegoo (OD;) of about 0.3. Toluene (200 pL) was added to 1 ehleach adjusted
bacterial suspension and mixed. The final absodsmieé aqueous phase (QPhvere
measured after phase separation. The hydropholmdgx (HPBI) was expressed as:
(OD; - ODy) / OD; x 100%. Values of HPBI greater than 70% indicatedrbydobic

bacterial surface and lesser than 70% indicatedopydlic bacterial surface.

2.9.Nonbiological model particles adhesion experiments

Additional experiments were conducted using rearscent FluoSpheres™
beads (Life Technologies, USA) using a protocol ied from Eydelnant and
Tufenkji (2008) [27]. The microspheres were selédi® be similar in size to th8.
epidermidis (1.0 um diameter) and were used in the same concentratiothe
bacterial suspension (3 xgarticles mL'). These experiments were performed using
sterile polystyrene and coverglass-bottom dishedrding Section 2.6. The dishes
also were incubated at 37 °C during 24 h and a#iedsy they were gently washed
with sterile 0.9% NaCl and immediately visualizeding an Olympus IX71

fluorescence microscope.

2.10. Proanthocyanidins-coated surfaces

Precisely 300 pL of a 4.0 mg milproanthocyanidins solution in 30 or 70%
agueous acetone (Merck, Germany) was spin coatedeoRermanox slide (30 x 25
mn?) during a cycle of 500 rpm (5 seconds) and theselacated to 5000 rpm (40
seconds) in the spin coater Laurell Model WS-650R8NPP/LITE. After coating, the
substrates were heat-treated (2 h at 80 °C) tovahe film annealing and to remove
any excess of solvent. Samples were sterilizedWyight during 20 minutes and then
were cut in three parts to produce 10 x 25°mpated-substrates. As control, samples

spin coated with 300 pL of the 30 or 70% aqueowstome solution and samples
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heated at 80 °C and UV-treated but without proasyhnidins, were included.
Following preparation, the samples were investdjategarding S. epidermidis
adhesion and biofilm formation, mammalian cells egibn and proliferation and

surface physicochemical characterization.

2.11. Surface characterization
Permanox samples were characterized before and #fée coating with

proanthocyanidins as well as after washing prowasding X-ray photoelectron
spectroscopy (XPS) and water contact angle (WCA)asumeements. Chemical
speciation of the C 1s signal was achieved witlaricron SPHERA spectrometer at
a pass energy of 5 eV using Mgu Kadiation (1253.6 eV). Spectral fitting was
performed using CASA XPS software. Contact anglasueements were carried out
using the sessile drop technique and doubly desoinizater. The drop was observed
directly with an Olympus BX-41 microscope objectieas and images were digitally
captured using a 1.4 megapixel CCD camera. Thertexpovater contact angles are
means of more than five measurements performedffiereht areas of each sample

surface.

2.12. Cell culture and cytotoxicity of free- andated- proanthocyanidins

The mammalian epithelial Vero cell line (purchageun Banco de Células do
Rio de Janeiro, Brazil) was used to determine thetaxicity of the free- and coated-
proanthocyanidingCells were grown in Dulbecco’'s Modified Eagle Madi(DMEM)
supplemented with 10% heat inactivated fetal boviserum and 1%
penicillin/streptomycin and were incubated in a difired atmosphere of 5% GQat
37 °C. Once the cells reached confluence, they wabkecultured by treating them
with 0.05% trypsin-EDTA (Life Technologies, USA).

The cytotoxicity of free form-proanthocyanidins wamsvestigated using the
MTT (Thiazolyl Blue Tetrazolium Bromide, Sigma-Aldh, USA) assay [34].
Exponentially growing Vero cells were washed aretisel at 1.5 x ICcells/well in 96
well microplates. When a cell monolayer was forr{@@tih, 5% CQ@at 37 °C), in each

well the medium was replaced by 12Q of the proanthocyanidins dissolved in
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supplemented DMEM and re-incubated for 24 h. Théswemntent was removed and
the cells were washed with 1X PBS. A solution 0® 12 of MTT (0.5 mg mL") was
added in each well and the plates were incubat@d itC for 1h. After, the cells were
washed with 1X PBS buffer and blue crystals weseispended with DMSO (Sigma-
Aldrich Co., USA). Reduced MTT was measured at Bi#@ In untreated cells, the
proanthocyanidins were replaced by water (100%ialbilty) while 1% triton X-100
solution was used as positive control.

To evaluate the biocompatibility of proanthocyamsdcoated surfaces,
segments of the proanthocyanidins-coated Permandxaaetone-coated Permanox
were maintained onto the bottom of 24-wells tissukure plates (TPP Techno Plastic
Products, Switzerland). Exponentially growing Veslls were washed and seeded at
5 x 10 cells/well. After incubation (24 h, 5% GQat 37 °C), the segments were
removed and washed with 1X PBS. For microscopy intgg/ero cells that grown on
the coated Permanox were mildly fixed with 0.2%tglaldehyde in PEM buffer (100
mM pipes, 1 mM EGTA, 2 mM MgG]J pH 6.8) at room temperature for 15 minutes,
and then in 2 mg nit NaBH, to reduce glutaraldehyde autofluorescence. Segment
were washed with 1X PBS and the adherent cellstiwadnicrotubules labelled with
1uM fluorescent taxoid FLUTAX-2 [35,36] (15 at 37 °C for 30 minutes), which
was kindly provided by Dr. André A. Souto (Faculdatk Quimica, PUCRS, Brazil)
and the DNA stained with 10 ug mlof 4’,6-diamino-2-phenylindole (Sigma-Aldrich
Co., USA) (150uL for 15 minutes). Images were obtained using ayn(pus 1X81
confocal microscope and UPLSAPO 60X W NA:1.20 otiyecand overlaid using the
Olympus FV 1000 software.

2.13. Statistical analysis

The data presented are expressed as mean or palcemtan = standard
deviation (SD). Results concerning on bacteriabiigy are presented as mean = SD
of logarithmic CFU mL'. Each experiment was repeated three times. $tatist
differences were determined by Student’s t testa@msidered statistically significant

atp value< 0.05.
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3. Results
3.1.Non-biocidal antibiofilm action of proanthocyanidinose-response curve

The dose-response curve, testing 7 concentratiopanthocyanidins showed
that biofilm formation bys. epidermidiss completely suppressed from 4.0 up to 0.125
mg mL* without growth inhibiting association (Fig. 2A). W& tested against the
epithelial mammalian cell line, the proanthocyamsddid not demonstrate cytotoxicity
at 0.125 mg mL, the lesser concentration that prevented biofidmmftion (Fig. 2B).
These results were complemented with CLSM analysisg LIVE/DEAD staining,
which demonstrated the architectural features efuhtreateds. epidermidigiofilm
in both, polystyrene and glass, surfaces (Fig. 3aAd B1). The images corroborated
with the dose-response curve, showing that (i) 8% mg mL" the proanthocyanidins
inhibited biofilm formation, keeping most of cells the planktonic state and thereby
most of them were removed during the washing praeefFig. 3 A2 and B2) and that
(i) at 0.0625 mg mL, S. epidermidisvere able to form biofilm displaying to restore
the typical topography o%. epidermidison hydrophobic as well as on hydrophilic
model surfaces (Fig. 3 A3 and B3). When bacterdsavere 24 h previously treated
with proanthocyanidins and then washed to remoee ekposure to this ager,
epidermidiscells demonstrated to remain viable and to recabeut 50% of biofilm

formation ability on polystyrene (Fig. 4).
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Fig. 2. Proanthocyanidins dose-response curve (mg)mEhe effect of different concentrations of
proanthocyanidins o6. epidermididiofilm formation and growth (A) and on epithelimammalian
cells viability (B). * represents statistical diféace in relation to the non treated samples.
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Fig. 3. CLSM analysis of biofilm topography on polystyre(® and on glass (B) surfaces of non-
treatedS. epidermidig1), and of proanthocyanidins-treated bacterid. 5225 mg mL* (2) and 0.0625
mg mL* (3).



213

Hl Biofilm formation

] Bacterial viability

150+ -10
-8
- T T

1001 g
s &
S . S
~— * C
L4 §
50 r

-2

O T T T O

Non treated 0.125 0.0625

Proanthocyanidins (mg/mL)

Fig. 4. The initial recovery in ability to form biofilm b$. epidermidisnd their cell viability after the
bacterial suspension be exposure to proanthocyendiiring 24 h and washed three times with sterile
0.9% NacCl solution. * represents statistical digfeze in relation to the non treated samples.

3.2. Iron chelating is not involved in the proanthocydins antibiofilm action

To evaluate the possible effect of proanthocyasidiron chelation, the
concentration of 50 uM of Fedemonstrated to be appropriated to the ferrozisay
according a standard curve that was established §A). Using the 2,2-bypiridyl, a
compound that is commonly used to deplete free imogolutions, it was possible to
observe an gradual decreasing of th& Eencentration in the mixture reaction due to
its iron chelating capacity (Fig. 5B); however, ngsithe proanthocyanidins solution,
even using concentration varying from 0.0625 up4t6 mg mlL', the complex
ferrozine-F& was kept constant (Fig. 5C), indicating a abseatecompetition

between proanthocyanidins and ferrozine by thefEgeus iron.
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3.3. Effect of proanthocyanidins on bacterial surfacérophobicity

The hydrophobicity index of bacterial surface wasedmined, as shown in the
Fig 6. UntreatedS. epidermidislikewise thatS. epidermidigreated with 0.0625 mg
mL™ of proanthocyanidins demonstrated a hydrophobitase, presenting a HPBI
index greater than 70%. However, at concentratiof.b25, 1.0 and 4.0 mg i,
proanthocyanidins progressively altered the hydobph character of the bacterial

surface making it hydrophilic (HPBI index lower th@0%).
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Fig. 6. Staphylococcus epidermidisirface hydrophobicity index according to diffdreancentrations
of proanthocyanidins.

3.4. SEM: visualization of biofilm and the proanthocydins self-adherence ability

The SEM analysis showed that epidermidisattached to the hydrophobic and
hydrophilic surface models, produces a biofiim afwmeed with numerous
microcolonies involved by the extracellular matr{¥ig. 7 Al and Bl and
supplementary data S1 and S9). In contrast, amees# bacteria was demonstrated
in the samples treated with all concentrationsrofpthocyanidins investigated in this
study, except at 0.0625 mg mln whichS. epidermidisvas able to develop a biofilm
(Fig. 7, S2-S8 and S10-S16). Interestingly, dufifM observation it was possible to
check visually that proanthocyanidins self-adhevadboth surfaces models forming,
spontaneously, films over the surfaces in whichtdréec could not be able to adhere
(Fig. 7 A2 and B2, S2-S7 and S10-S15).
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Fig. 7. Effect of proanthocyanidins free-form on the beateadhesion and biofilm formation by SEM
upon Permanox (A) and glass (B) surfaces. Nondtkabacteria (1) and treated with
proanthocyanidins at 4.0 mg mML(2), 0.125 mg mt (3) and 0.0625 mg mi (4). Note the
proanthocyanidins self-adherence in the imagesniB2.
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3.5. Non-biological particle model testing

An additional set of experiments was conducted @&uify the effect of
proanthocyanidins on the adhesion of non-biologicaiticle model, replacing.
epidermidis by red fluorescent microspheres. As shown in tha. F8,
proanthocyanidins at 0.125 mg fhdemonstrated an important inhibition of the beads
adhesion, on polystyrene and on glass surfacesrwite, non-treated and 0.0625 mg

mL™ — treated samples displayed a high number of adhéeads on both surfaces.

Fig. 8. Fluorescence microscopy images (10x magnificatioh)experiments conducted with
fluorescent microspheres on polystyrene (A) andy(8) surfaces. Non-treated microspheres (1) and
treated with 0.125 mg mt(2) and 0.0625 mg mt(3) of proanthocyanidins.
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3.6. Surfaces characterization
Permanox slides were surface-modified with proacyhaidins solution

(dissolved in 30% acetone or 70% acetone) usingsthia coating technique as
described previously. The proanthocyanidins-coatedaces possess a hydrophilic
character (WCA of about 40° and 20°, using 30% &0 acetone, respectively),
while the non-treated and the acetone treated<msfare hydrophobic (WCA of 100°
and 85°, respectively) (Fig. 9). The XPS analysasnon-treated, 30% and 70%
acetone samples presents very similar spectra, @i component at 284.9 eV
attributed to C-C bonds in the polymer and some 8e@ds (286.5 eV) attributed to
contamination and/or acetone exposure. After sasnglating with proanthocyanidins
films, we observe an increase in the relative cottaéion of the C-O component when
compared to the non-treated samples. This resdlicates the presence of the
proanthocyanidins film since it presents a high benof C-O bonds in the structure.
This is also corroborated by the WCA results wheestrong reduction in the contact

angle is observed after the coating of the Permanox

3.7. Proanthocyanidins-coated surface: studies abouttdréal and mammalian
adhesion

Examination of the coated Permanox segments denatedthasS. epidermidis
cells adhered and accumulated to form a densefiirbion the non-treated (Fig. 10E
and S17) and on the acetone—coated surfaces (iAgarid C, S18 and S19). Whereas,
proanthocyanidins-coated surfaces displayed resistato bacterial adhesion
presenting attached on these surfaces just spallsgdusters or even single cells (Fig.
10B and D, S20 and S21). These non-adherent gddisktonic cells) demonstrated to
be viable according CFU counting assay, as showe#ig. 10E. Although both
coatings (produced by dissolving proanthocyanidims30% acetone or in 70%
acetone) exhibited a strong reduction in the biofibormation, the films prepared with
70% acetone demonstrated an enhanced anti-adhefiect (Fig. 10B and D).
Therefore proanthocyanidins-coated Permanox (obdaiby dissolving in 70%
acetone) were challenged to adhesion of epitheleinmalian cells. These modified

surfaces that are antibiofilm ®. epidermidisallowed the adhesion and spreading of
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mammalian cells, presenting no differences whenpawed to non-treated and 70%
acetone-coated Permanox (Fig. 11).

A
Proanthocyanidins (30%)A

30% acetone-

S

Proanthocyanidins (70%)A

70% acetone-

Non treated-

T T T T
o Yo} o {e] o
(Q\] %9} N~ o

125-

~

Contact angle (degrees)

Intensity (a.u.)

70% acetone

MNon-treated
290 266 266 264 262

Binding energy (eV)

Fig. 9. Surface analysis of Permanox samples coated widnginocyanidins or acetone. The WCA
measurements and respective photographs (A) ancak&gsis (B).



220

18kU H1BE A8 rrn 18kU

Log CFU/mL

Non treated+
30% acetone -
70% acetone -

Proanthocyanidins (30%)
Proanthocyanidins (70%)-

Fig. 10. Adhesion and biofilm formation b$. epidermidi®on Permanox surfaces coated with 30%-
acetone (A), proanthocyanidins in 30%-acetone @fo-acetone (C), proanthocyanidins in 70%-
acetone (D) and non-coated Permanox surfaces (&) niagnification of 100 x and in the inserts of
5000 x.The viability of non-adherent planktonic bactedalls is shown in (D).
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Fig. 11.Adhesion and spreading of epithelial mammalian \G=its on non-coated (A), 70%-acetone-
coated (B) and proanthocyanidins in 70% acetontedo®ermanox surfaces (C), by differential
interference contrast (DIC) and by 60x CLSM imagimgerts are 60x plus zoom of 3x. Bars in all the
images indicate 20pum.
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4. Discussion

Natural products offer a rich source of structyrallverse substances with a
wide range of biological activities which could lbeseful for the development of
alternative or adjunctive antibiofilm therapies J24erein, we demonstrated the
ability of proanthocyanidins derived froR. moniliformis presenting all type-B
linkage and rich in prodelphinidin units, to mitigaby a non-biocidal way, th®.
epidermidisadhesion on hydrophobic and hydrophilic surfacel@m

According to the proanthocyanidins curve-responsgsay employing
polystyrene surfaces, it was possible to obseraeShepidermidigiofilm formation
was completely prevented, without association \grtbwth inhibition, up to 0.125 mg
mL™ (Fig.2A). These results were confirmed by CLSMg(R) and by SEM analysis
(Fig. 7). Both microscopic techniques demonstratest the strong prevention of
bacterial adhesion by proanthocyanidins occurrethénsame magnitude even when
using two materials varying in chemical compositeomd hydrophobicity (glass and
Permanox). The CLSM images, conducted using theEIDEAD staining, showed
the typical architecture of non-treat8d epidermidisiofilms, forming mushroom- or
pillar-like structures according the orthogonal scutikewise, theS. epidermidis
treated with 0.0625 mg miLalso presented this biofilm phenotype (Fig. 3A1&MH
A3-B3). However, bacteria treated with 0.125 mg haf proanthocyanidins could not
attach to the surfaces and thereby most of celi® wemoved during the washing
procedures (Fig. 3A2 and B2). In all samples, is\wassible to observe the presence
of bacterial cells stained with green, indicati¥diwe cells, but also cells stained with
red, indicative of dead cells. As reported by Hsami et al. 2006 [37], dead cells are a
normal component of late logarithmic and stationaingase planktonic cell of culture
suspensions, and thus part of this dead biomassbmaycorporated into the biofilm
during growth.

Subsequently, a set of experiments was developextder to investigate the
viability of S. epidermidiscells and their ability of form biofilm after a gurious
treatment, during 24 h, using proanthocyanidinsesehtreated and washed cells

demonstrated the same viability as the controkceléspite of the biofilm formation
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had not been completely restored as the contrtd, deing reduced in about 50% with
the treatments of the 0.125 and 0.0625 mg'ptoanthocyanidins (Fig. 4).

Some works have evidencing that iron regulates biodilm formation of
Staphylococcuspp. Even though Deighton and Borland (1993) & suggested
that the progressive depletion of iron from cultoredium results in increasing levels
of S. epidermidisiofilm production, more recent studies had derrated that iron
positively regulates biofilm formation ytaphylococcud-or instance, catecholamine
inotropes, which remove iron from plasma iron-bimgiproteins, facilitate the
bacterium iron acquisition and stimul&e epidermidigrowth as biofilms, suggesting
that S. epidermidigequires iron to adhere and form biofilms ontofacgs [39]. In
addition, Lin and co-works (2012) [40] revealed tthhe pentagalloylglucose
compound impairsS. aureushiofilm formation through their iron chelation adty
and, that the iron supplementation compensateshteffect of pentagalloylglucose
and restores the biofilm formation, evidencing éssential role of iron fo§. aureus
biofilm formation. Therefore, we investigated theon chelating activity of
proanthocyanidins and we found that in all testedcentrations, proanthocyanidins
not cause a significant alteration in the mediuni?Feoncentration (Fig. 5C),
differently of the iron-chelator 2,2-bypiridyl thatduced ferrous iron in a dose
responsive manner (Fig. 5B). These findings suggetstat the deprivation of free iron
could not be related to the biological findings.

The initial bacterial adhesidn a substratum is determined by physicochemical
properties of nutrients and of both material anctdér@um surfaces, besides depends of
long-range bacteria-material surface interactiomgluding mainly electrostatic
interactions, van der Waals forces and hydrophabteractions [30,41,42]. An
increase in cell surface hydrophobicity has oftexerb associated with increased
bacterial adhesion to both hydrophobic and hydilapkurfaces; in this sense, the
bacterial surface hydrophobicity seems to be thennparameter governing the
bacterial attachment to abiotic surfaces [19, 4R-fiBese observations agree with the
results shown at Fig. 6, which indicates that ptiosacyanidins modified the
hydrophobic surface character of the non-tregfedepidermidisto a hydrophilic

surface, in all concentrations that they preveriadterium adherence (HPBI index
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below 70%). In addition, when bacteria were treateith 0.0625 mg mL of
proanthocyanidins, the concentration not activeiregathe biofilm formation, the
bacterial surface remained hydrophobic (HPBI indbave 70%). Regarding the SEM
findings, as important as corroborate with resectiscerning on Sepidermidisbiofilm
formation inhibition by proanthocyanidins, was terity the ability of self-adherence
of these natural products on polystyrene and ossglgig. 7 and Supplementary data
S1-S16), indicating, together with HPBI index measuents, that proanthocyanidins
possibly cover both surfaces, the bacterium andridwerial. To better understand how
proanthocyanidins influences the initial adhesidnS epidermidis the bacterial
suspension was replaced by fluorescent microsphanes comparable extents of
adhesion inhibition were verified (Fig. 8), supjagttheir non-biological pathway of
action, similarly as demonstrated by cranberry ptlo@cyanidins [27].

The potential of proanthocyanidins as surface ngatigent against bacterial
colonization, as suggested by SEM images, led petimrm the coating of Permanox
surfaces by spin coating technique. These surfaagswell as demonstrated to
bacterial cells, had their hydrophobic surface abtr altered to hydrophilic when
were coated with proanthocyanidins, especially theated produced with
proanthocyanidins dissolved in 70% acetone, whielsgnted WCA of about 22° (Fig.
9A). The XPS analyses evidenced the presence @wahigh energetic component
related to the carbon-oxygen binding due to thesqmee of the prodelphinidin
oligomers coating (Fig. 9B). Concerning on the d&gital findings, the
proanthocyanidins-coated surfaces demonstrated stmae ability to preventS.
epidermidisbiofilm formation as the free form-proanthocyangland it did not hinder
planktonic bacterial growth (Fig. 10). Likewise, sadption of cranberry
proanthocyanindins to polyvinyl chloride and potyafluoroethylene surfaces
modified its hydrophobicity and thereby, interferedth the microbial adhesion
processes [27].

In contrast to classical antibiotics that gener&lill bacteria, our results show
that P. moniliformisderived proanthocyanidins (characterized by thg/ linkage
and by richness of the prodelphinidins) modify thehavior of bacteria and the

characteristics of surfaces involved, preventingtdér@al adhesion when it is in
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solution or adsorbed onto surfaces. Antiadhesieeatiies are likely to develop less
iIssues of resistance, as blocking adhesion isikellyIto be as compelling a selective
pressure, since it is non-lethal and multiple agimsechanisms exist. By reducing
the bacterial adhesion, a surface can both minimip&lm formation and force
bacteria to reside planktonically where they carefiectively cleared by the innate
immune system.

The proanthocyanidins-coated surface obtained ggotliing in 70% acetone,
demonstrated an improved bacterial anti-adherengpepty when compared to 30%
acetone, possibly due to the chemical etching chlbiseacetone that facilitate the
proanthocyanidins and polymer interactions and tech a higher surface
hydrophilicity (Fig. 9A). Even through the mammaliaells had presented viability
only at the lower active concentration of the ffeam- proanthocyanidins (Fig. 2B),
their adhesion and spread on the proanthocyanmodified-surface was very similar
than on untreated- and 70% acetone treated-surf@égs 11), indicating its
compatibility with epithelial mammalian cells. Thawual-function presented by the
proanthocyanidins-coated surfaces, (i) providingsteong mitigation of theS.
epidermidis adhesion and biofilm formation and (ii) allowindpet appropriated
adhesion and spread of mammalian cells, congredatdsres very required and
desired in the biomaterials field. Once the dualetional coating favors the host cells
to overcome bacteria in the colonization of thefeme, the risk of the biomaterial
infection decrease more extensively due to the t&xsie integration [5].

The fundamental behavior of living cells, includinteir adherence to
biomaterials, have been found to be intimatelyduhito the surface of such a material
and the characteristics of the medium that sepathtecells and the substrate surface
[2]. The fact that bacterium adhesion is suppresskedn Permanox is coated with
proanthocyanidins might be explained by a combamabf factors: (i) in terms of
electrostatic repulsion; sincg. epidermidisacquire an anionic bacterial surface in
aqueous environment due to the ionization of phogplgroups from teichoic and
lipoteichoic acids and the proanthocyanidins-coatefiace has a negative polarization
(a schematic representation of the above argumsesttawn in Fig. 12); (ii) due to the

high hydrophilic surface character obtained witle ttoated material, in which a



226

reduced bacterial adhesion is expected and; (&ican not exclude the possibility of
steric forces action, that blocks the bacteriunfpsgatum interactions, provided by the
proanthocyanidins film. We attribute the differahtresponse exhibited by tHe.
epidermidisand mammalian cells to the proanthocyanidins-cbaterfaces to the
differences in the size and the adhesion mechanikatsthey display. Due to the
inherent instability of physically adsorbed coasingve can suggest that short-term
materials are appropriate; however, the covalgachinent of the proanthocyanidins
to the surface could extend the lifetime. In addifithese materials can act as devices
for controlling drug delivery, such that these prib@cyanidins are also active when in

solution.
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Fig. 12. Schematic illustration of the inhibition of bactdradhesion and further biofilm formation on
proanthocyanidins-coated surfaces based on repulsizes model between the anioSicepidermidis
surface and the negatively polarized material sert#ter coating with proanthocyanidins.

Conclusions
P. moniliformisderived proanthocyanidins, characterized by thgy®- linkage

and by richness of the prodelphinidins, being $tmadly distinct from cranberry-
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derived proanthocyanidins was used in this studgrehi, we reported that these
proanthocyanidins ha$. epidermidisantibiofilm action and that, in contrast to
classical antibiotics that generally kill bacterthgse natural products modify the
behavior of the bacteria. Prodelphinidin-riched gorihocyanidins presented anti-
adhesion activity by becoming the bacterial surfagdrophilic and by freely cover
both hydrophobic and hydrophilic surfaces, presgné non-biological mechanism of
action. In addition, the proanthocyanidins did poesented iron-chelating activity,
excluding the involvement of iron removal in theolbgical findings. When
proanthocyanidins were coated onto surfaces, asugnated by XPS analysis and by
their new hydrophilic character, they were repéltenS. epidermdidut friendly to
mammalian cells. In the particular case of epidlelmnammalian cells and.
epidermidis this finding has important technological implicais for a broad range of
implant materials, which must promote tissue iniign necessary for healing while
simultaneously reduce the bacterial colonizatiat teads to infection, evidencing the

potential applicability of the proanthocyanidinsctmat biomaterial surfaces.
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Fig. S1.SEM of S. epidermidisadhesion and biofilm formation on the non-tred®edmanox surface.
Magnification of 2000 and 20 000 x.

Fig. S2.Effect of proanthocyanidins free-form at 4.0 mg tan theS. epidermidisadhesion and
biofilm formation by SEM upon Permanox surface. Kiéigation of 1000 and 20 000 x.
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Fig. S3.Effect of proanthocyanidins free-form at 2.0 mg tan theS. epidermidisadhesion and
biofilm formation by SEM upon Permanox surface. Kiéigation of 100, 1000, 5000 and 20 000 x.
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Fig. S4.Effect of proanthocyanidins free-form at 1.0 mg tan theS. epidermidisadhesion and
biofilm formation by SEM upon Permanox surface. kiéigation of 100, 1000, 5000 and 20 000 x.
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Fig. S5.Effect of proanthocyanidins free-form at 0.5 mg tan theS. epidermidisadhesion and
biofilm formation by SEM upon Permanox surface. Kiéigation of 100, 1000, 5000 and 20 000 x.
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Fig. S6.Effect of proanthocyanidins free-form at 0.25 mg hn theS. epidermidisadhesion and
biofilm formation by SEM upon Permanox surface. kiéigation of 100, 1000, 5000 and 20 000 x.

18Ky

Fig. S7.Effect of proanthocyanidins free-form at 0.125 mghon theS. epidermidisadhesion and
biofilm formation by SEM upon Permanox surface. Miéigation of 1000 and 20 000 x.
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Fig. S8.Effect of proanthocyanidins free-form at 0.0625 mig'on theS. epidermidisadhesion and
biofilm formation by SEM upon Permanox surface. Mifigation of 1000 and 20 000 x.
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Fig. S9. SEM of S. epidermidisadhesion and biofilm formation on the non-treaggass surface.
Magnification of 1000 and 20 000 x.
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Fig. S10.Effect of proanthocyanidins free-form at 4.0 mg hn theS. epidermidisadhesion and
biofilm formation by SEM upon glass surface. Magmifion of 1000 and 20 000 x.
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Fig. S11.Effect of proanthocyanidins free-form at 2.0 mg tin theS. epidermidisadhesion and
biofilm formation by SEM upon glass surface. Magfion of 100, 1000, 5000 and 20 000 x.



240

18Ky H1BE A 1aku

1@ku 5T, BEE Srrn 1@kl

Fig. S12.Effect of proanthocyanidins free-form at 1.0 mg htn theS. epidermidisadhesion and
biofilm formation by SEM upon glass surface. Magrfion of 100, 1000, 5000 and 20 000 x.
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Fig. S13.Effect of proanthocyanidins free-form at 0.5 mg in theS. epidermidisadhesion and
biofilm formation by SEM upon glass surface. Magrifion of 100, 1000, 5000 and 20 000 x.
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Fig. S14.Effect of proanthocyanidins free-form at 0.25 mghn theS. epidermidisadhesion and
biofilm formation by SEM upon glass surface. Magmition of 100, 1000, 5000 and 20 000 x.
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Fig. S15.Effect of proanthocyanidins free-form at 0.125 mig'hon theS. epidermidisdhesion and
biofilm formation by SEM upon glass surface. Magmifion of 1000 and 20 000 x.
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Fig. S16.Effect of proanthocyanidins free-form at 0.0625 mig* on theS. epidermidisidhesion and
biofilm formation by SEM upon glass surface. Magifion of 12000 and 20 000 x.
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Fig. S17. SEM of S. epidermidisadhesion and biofilm formation on the non-coatemnianox.
Magpnification of 2000 and 20 000 x.

1@kl ¥1. 888 18mm 1@k H . BEE 1rm

Fig. S18. SEM of S. epidermidisadhesion and biofilm formation on the 30% acetooated
Permanox. Magnification of 1000 and 20 000 x.
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Fig. S19. SEM of S. epidermidisadhesion and biofilm formation on the 70% acetooated
Permanox. Magnification of 1000 and 20 000 x.

Fig. S20.SEM of S. epidermidisadhesion and biofilm formation on the proanthoayas in 30%
acetone-coated Permanox. Magnification of 100024h@00 x.
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Fig. S21.SEM of S. epidermidisadhesion and biofilm formation on the proanthoayas in 70%
acetone-coated Permanox. Magnification of 100024h@00 x.
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Abstract

This work challenges multidrug resistant pathogestiterging bacteria to adhere on
polystyrene submitted to radiofrequency dischaagegaining N and H. It is shown
that the two employed treatments, which differ uradion and power applied to the
plasma, are able to inhibit up to 834ebsiella pneumoniadhesion in the fisrt 24 h,
without biocidal effect. Results from X-ray photeefron spectroscopy and water
contact angle measurements reveal correlation bittogical findings and indicate
that the limited adhesion of bacteria possessingrdphilic surface onto plasma-

treated surfaces may be explained in terms ofrelgtettic repulsion.
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Introduction

Polymers are widely used as biomaterials in pr@sshdone replacement implants,
drug delivery, catheters and tissue engineélifigAmong them, poly(methyl
methacrylate}® poly(ethylene glycol}! polytetrafluoroethyleng! and polyurethar®
are commonly used due to their biocompatibility,chenical properties and ease of
molding into desirable shapes. Either in singlenfar as copolymer, polystyrene (PS)
has attracted considerable attention, since thenpl presents excellent mechanical
properties, side by side with the wide availability its precursor, the styrene
monomer, which lowers production coft8. This polymer is widely used in cell
culture applications because of its non-toxicity d&mgh transparency, as indicated by
the number of brand names available in research farethis purpose. Although the
use of PS as biomaterial is uncommon in clinicalcpce, polystyrene is used for
medical applications in artificial liver supportdain controlled release deviced.
Also its use is described in wound dressing andimgs for implantable medical
device§!! as well as in implantable medical devices for ouled delivery of
therapeutic ageht?

Many of these materials were not originally desyf@ medical applications,
and were selected for such uses based solely an lék properties, such as
mechanical strength® As a result, many widely used biomaterials suffiem
significant drawbacks, including the proneness dotérial infection. When a given
biomaterial is implanted, it can become a siteldacterial adhesion, colonization, and
further formation of a multicellular structure hlghesistant to antimicrobials, named
biofilm.**% According to the National Institutes of Health98®f hospital-acquired
infections worldwide are attributed to bacterianfiarg biofilms™® Staphylococcus
epidermidis is known to be one of the most important pathogan®lved in
nosocomial infections on medical devi¢¥5.Equally important are the infections
caused bystaphylococcus aureum which the resistance to methicillin has beefdh
accountable for increased hospital stays and heath cost§® In addition,
considerably important is the emergence and rapigasl of multidrug resistant
bacteria, like Klebsiella pneumoniae Carbapenemase (KPC)-producing

enterobacteriaceae, whose infections are associattd high mortality rate§™
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Carbapenemases are bacterial enzymes able to Wwserolall B-lactam
antimicrobials?” including carbapenems - one of the few availat#atment options
in infections caused by Gram-negative bacteria.eRidg, a study showed the high
prevalence of KPC-producing enterobacteriaceaeairems who had been implanted
with artificial deviced*!

Since biomaterial infections develop following iaitadhesion of the pathogens
to the material surface, this issue evidences #eel rior the development of materials
with antibiofilm surfaces. To avoid search for néiomaterials, management of
bacterial adhesion through the control of surfacgpe@rties of materials used in the
manufacture of indwelling devices can be pursuadorider to obtain anti-infective
properties, different approaches have been uset, asiimpregnation of antibacterial
molecules on the polymer surface, polymer surfangineering methods, or a
combination of botf?® Although the use of antimicrobials leads to anfective
surfaces for a wide range of pathogens, it requredatively large amounts of
chemicals, increasing costs, and there is the lpbgsiof leaching. Moreover, the
continuous use of antimicrobials is controverssaice it can induce the development
of bacterial resistance. Surface engineering math@le been used to modify the
surface properties of materials in different w&$/sAmong the available strategies,
plasma surface modification (PSM) shows advant&f&ssuch as relatively low cost,
environmental friendliness, applicability to diversnaterials of complex shapes,
changing only surface properties and preservingrile bulk characteristics of
materials.

This work intends to be a contribution to expldne potential of the polymer
surface engineering by PSM methods rather thamptégentation of a new modified
material suitable for indwelling clinical applicatis. Thus, PS was modified by
plasma treatments in a mixture ob nd H gases and seven bacteria, presenting
remarkable resistance to antimicrobials and distiacterial surface hydrophobicity
index, were tested with respect to adhesion onrdated surfaces. We used two well-
known reference straing. epidermidisATCC 35984 andS. aureusMRSA ATCC
33591, and also fresh clinical isolates 8f epidermidisand KPC-producing

Enterobacteriaceae in order to challenge the plassated-PS to multidrug resistant
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pathogenic emerging strains. The characterizatiomaterial and bacterial surfaces

was performed, and findings thereof were associatttdbiological assays.

Experimental Section

Polystyrene substrate

Standard sterile 96-well PS flat bottom microtipates (Costar 3599) were purchased
from Corning, Inc. (NY, USA).

Bacterial strains and culture conditions
In this study we focused on multidrug resistantéaa, regarding the extreme clinical
importance of these microorganisms. All the evadastrains were previously
identified through conventional phenotypic methadgl’’?®! and further their
identification were confirmed using MicroScan Waliway (Dade Behring, USA) or
Vitek (bioMérieux, USA), as automated systenihe presence oblakpc gene,
responsible for carbapenemase enzyme productios, eseafirmed by the gold
standard polymerase chain reaction (PCR) technmugiag specific primers, as
previously described®

All clinical isolates were collected from two hosts located in Porto Alegre,
Brazil. As Gram negative bacteria, we studiddbsiella pneumoniaéisolate 174),
Serratia marcescen@solate 177) andnterobacter cloaca¢isolate 182), which are
KPC-producing straind(akpc gene positive). As Gram positive bacterium, wellise
epidermidis (isolates 122 and 167b). Two reference strainsewecluded: S.
epidermidis ATCC 35984 and the methicillin-resistast aureus(MRSA) ATCC
33591. They were grown in Mueller Hinton agar (Qikaid., England) overnight at
37°C and a bacterial suspension (3 X @6U mL%) in 0.9% NaCl was used in the
assays. Minimum inhibitory concentration (MIC) wastablished according to the
broth microdilution method for different drugs, wrder to assess the bacterial
susceptibility profil€” (Table 2).
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Microbial surface hydrophobicity index

Surface hydrophobicity of bacterial strains wasedweined using the microbial
adhesion to hydrocarbon (MATH) té$f. The bacterial suspension was cultured with
tryptone soya broth (TSB) (Oxoid Ltd., England)idgr24 h at 37 °C. The cultures
were washed with sterile saline solution and ce#lse harvested by centrifugation.
The suspensions were adjusted to an absorbafygeof about 0.3 at 600 nm
(Spectramax M2e Multimode Microplate Reader, Molacievices, USA). Toluene
(500 pL) was added to 3 mL of each adjusted battstispension and mixed. The
new absorbances of aqueous phasg Were measured after phase separation. The
hydrophobicity index (HPBI) was expressed #s- () / A x 100%. Bacterial strains
with an HPBI greater than 70% were classified adrdghobic while strains with an

HPBI lower than 70% were classified as hydroph§iic.

Plasma surface modification
The 96-well PS samples were inserted in a vacultambler that was pumped down to
a pressure of 2 x TOmbar. The chamber was then pressurized to 1.3 mlihra
mixture containing 24 mol% jand 76 mol% N (purity > 99.999%). Pumping was
maintained and the pressure was kept by flowingcgasinuously into the chamber.

A radio frequency power source (13.56 MHz) was usegenerate the plasma.
In order to minimize thermal effects, the sampli&lbowas monitored; it stayed below
two thirds of the glass transition temperature 8f (85°C) throughout the treatment
period. After the treatment, samples were removedhfthe vacuum chamber and
immediately sealed in a sterile package that was opened until surface
characterization or biological assay (see belowg &ffects of PSM were investigated
stipulating two different time and power conditipnamely: treatment 1 (300 s at 125
W), and 2 (60 s at 75 W), while all other parametgere kept constant. The effect of
shelf life was evaluated by analyzing samples 16 Zhdays after plasma treatments,
simulating the storage of the plasma-treated nateifhe control for plasma
treatments was performed by exposing polystyrenerapiates to the MH, gas

mixture without igniting the plasma.
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Surface characterization

PS samples were characterized before and aftgrlélsena treatment using X-
ray photoelectron spectroscopy (XPS) and wateraobraingle (WCA) measurements.
Surface concentrations of C, N, and O were detexthivy XPS in a setup calibrated
using UK’s National Physical Laboratory (NPL) reface materials and software.
Chemical speciation of the C 1s signal was achiewgd an Omicron SPHERA
spectrometer at a pass energy of 5 eV using Mgd&iation (1253.6 eV). Spectral
fitting was performed using CASA XPS software. Gantangle measurements were
carried out using the sessile drop technique amdblgialeionized water. The drop was
observed directly with an Olympus BX-41 microscabgective lens and images were
digitally captured using a 1.4 megapixel CCD camdiae reported water contact
angles are means of more than five measuremerftaped in different areas of each
sample surface. Polar and dispersive componentheofsurface free energy were
obtained using the Owens-Wendt metfddrom contact angle measurements with
water and diiodomethane. The control for plasmattnents was performed by
exposure polystyrene microplates to the/HN gases mixture without plasma

discharge.

Bacterial adhesion assay

After plasma treatments, PS microtiter plates weirectly used as substrates in
bacterial adhesion assay following a modified dbscr protocol*¥ The adhesion
verified for each strain to the control microplépdate that had been submitted to the
gas mixture without plasma discharge) was consilé@)% bacterial adhesion. In
each well, 100 pL of the bacterial suspension &l dL TSB were added. Sterility
control consisted of 200 puL of TSB. Following tmeubation period (37 °C for 24 h)
the content of the wells was removed and the weblse washed. The remaining
attached bacteria were heat-fixed (60°C, 1 h) aahed with crystal violet. The dye
was resuspended with DMSO (Sigma-Aldrich Co., US#&)d absorbance was
measured at 570 nm. Using this assay, each stasrcategorized regarding its ability

to adhere and to produce biofilm on the untrea®daB previously describ&4.
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Bacterial growth assay

To assess if the plasma treatments affect bactgoalth, two assays were performed:
optical absorption at 600 nm (Qfd and cell viability (resazurin indicator). Q§was
measured immediately before and after incubatiotessribed in the previous section
(bacterial adhesion assay). The difference betweeh and initial absorbance was
taken as a measure of bacterial growth. To evakalteriability, we took the contents
of wells after incubation in the bacterial adhesassay and transferred to another
standard sterile 96-well PS, to which 25 pL of samirin solution (0.1 mg mi) was
added. The plates were incubated (2 h at 37°C)assdssed visually: shades of blue
indicated non-viable cells and shades of pink iattid viable cell§® The bacterial
growth obtained for each strain by using the cdnmmizroplate (plate that had been
submitted to the gas mixture without plasma disgbpawas considered 100% bacterial
growth. Also, appropriate antimicrobial agents werged as positive control for

bacterial growth.

Statistical analysis

Bacterial adhesion and growth by gPmeasurements are represented as percentage
means = standard deviation for each bacterialrs{rat3). Values higher than 100%
represent a stimulation of bacterial adhesion owgn in comparison to the untreated
samples. Differences were analyzed by one-way ANGMbbwed by the Tukey test,

and p< 0.05 was considered to be significant (SPSS 10ftivare).

Results

Bacterial strains features

Bacterial strains used in this study presented raarkable resistance profile to
antimicrobials according to the MIC determinatigiable 1). All evaluated bacteria
were able to adhere and developed biofilm onK2S$ineumonia€174) demonstrated
moderate capability, while all other strains présdna strong capability to form
biofilm on PS, based on the described classificaionemg&® (Table 1). Bacterial

hydrophobicity (HPBI) varied significantly amongans. An HPBI higher than 70%

was observed for alb. epidermidisstrains, which were classified as hydrophobic
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bacteria and an HPBI lower than 70% (ranging frahi@ 55%) was found for other
strains, which were classified as hydrophilic baatgTable 1), according to the

categorization method previously propo&et.

Bacterial adhesion and growth on PS surfaces
Adhesion on PS and bacterial growth as a functibiNgH, plasma treatments is
shown inFigure 1 andFigure 2, respectively. Statistical analysis indicates et
two treatments tested are equivalent regardingebattadhesion and growth. The
adhesion oK. pneumonia€l74,S. aureusATCC 33591,S. marcescen77 andE.
cloacae 182 was significantly inhibited after plasma treahts when compared to
untreated controlsKlebsiella pneumoniaevas the pathogen more susceptible to
plasma treatments (up to 83% adhesion inhibitidoljowed by S. marcescensS.
aureusand E. cloacae(up to 77, 65 and 48% of adhesion inhibition, esspely).
These rates were maintained even after 15 dayklgbalf PS sampleddowever, the
adhesion prevention observed up to 15 days wasdsably diminished after 30 days
for the Gram-negative strains, in particular pneumoniaeand E. cloacae which
reached almost 90% of their original attachmentbdpy. ConcerningdS. epidermidis
strains, neither treatment effectively preventezldhcterial adhesion.

Plasma treatments did not interfere with bacteyaivth for any of the studied
strains, as judged from Qg measurements (Figure 2) and confirmed by the vesaz

assay (data not shown).
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Figure 1. (a) Bacterial adhesion on plasma treated polyseyr&ars represent percentage mean *
standard deviation of three experiments in comparie untreated samples (100%). TT 1 and TT 2
represent treatment 1 and 2, respectively. * siedisdifference in comparison to the untreated
samples for each bacteriu®; aureusa - statistical difference from TT 1 Day 30 andfoom TT 2
Day 30;S. marcesceng - statistical difference from TT 2 Day 0 and érom TT 2 Day 30iE.
cloacae e - statistical difference from TT 1 Day 30 and from TT 1 Day 0S. epidermidid22: g -
statistical difference from TT 2 Day 8, epidermidisl67b: h - statistical difference from TT 1 Day
30. (b) Photos of crystal violet assay: bacterillesion on treated PS (TT 1 — day 0). (c) Schematic
representation of the increasing HPBI values otdiséed strains.
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Figure 2.Bacterial growth on plasma treated polystyrenesBmesent percentage mean + standard
deviation of three experiments in comparison toaated samples (100%). TT 1 represents treatment
1 and TT 2 represents treatmenS2epidermidiATCC 35984: * statistical difference in comparison
to the untreated samples and a - statistical diffeg from TT 2 Day 30S. epidermidisl67b: b -
statistical difference from TT 1 Day 0.

Surface composition

Figure 3 shows C 1s XPS spectra from pristine and plasestdd PS. Spectra from
the treated samples were highly asymmetric, inohgad variety of chemical moieties.
Bonding configuration was evaluated by peak-fittthg C 1s envelopes. Within the
resolution of the measurements, five peaks of egudth at half maximum were
fitted. Based on the NIST X-ray Photoelectron Smeciopy Databas®® the
component peaks used in this work were assignéallas/s: C-C: 285 eV; C-N: +0.9
eV; C-O/C=N: +1.5 eV; C=0: +2.9 eV, and N-C=0: +4\2.
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Figure 3.C 1s XPS spectra from pristine PS (Control-salehiyles) and samples submitted to plasma
treatments 1 (TT 1 — solid squares) and 2 (TT Zenocircles). Dashed line corresponds to the

background and solid lines to spectral compondraswere used to fit experimental data. A.u stands
for arbitrary units.

XPS revealed the overall surface composition ofaated PS as 87 at. % C and
13 at. % O; the technique does not detect hydrogka. relatively high amount of
oxygen can be understood based on the high suskwrgtivity of XPS (analysis is
restricted to less than 10 nm at the sample sycfame the absorption of oxygen
resulting in surface termination such as -OH; andhe adsorption of }D. Figure 4
shows that just after plasma treatments, the sampi®rporated 13 and 11 at. % N,
respectively for treatments 1 and 2. While sigaifit amounts of oxygen were still
detectable, its abundance fell to about half thgirmal value. In fact, nitrogen ion
bombardment during plasma treatment is expectedeimoove essentially all the
oxygen originally at the PS surface. The oxygeredet after treatments should
originate mostly from reaction of the freshly tetsurface with water vapor in the
atmosphere, and to a lesser extent from residyajesxin the plasma reactor.

Plasma processing occurs far from thermodynamidiequm, and the results

can often be explained in the light of kinetic argants. In this work, the treatments 1
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and 2 differed in duration and power applied to filasma. The fact that they
nevertheless produced similar XPS results sugdleatsafter 60 s at 75 W a situation
of dynamic equilibrium has been reached and thee ghnitrogen incorporation to the
PS surface from ions in the plasma is already dimeesas the rate of nitrogen removal
due to the associated ion bombardment effect. ilndfise, processing longer (and at
higher power) simply results in additional erosadrthe substrates without significant

changes in surface composition.

Surface abundance (%)

Shelf life (days)

Figure 4. Nitrogen (squares) and oxygen (circles) surfacendance of plasma treated PS as a
function of shelf life for samples submitted toatr@ent 1 (TT 1 open symbols) treatment 2 (TT 2 full
symbols). Lines are only to guide the eyes.

As noted above, the surface composition of PS siéanio treatments 1 and 2
were similar; even during the shelf life experim@fgure 4). The significant change
in composition between preparation (day 0) and d&yand 30 could be accompanied
by a significant change in performance regardingtdreal adhesion. An additional

physical property was searched aiming at increasa@lation with the bioassays.

Effects of plasma treatment on water contact angle
The polar component of the surface energy of P$hwis essentially proportional to

the abundance of polar (hydrophilic) species on sheface, such as nitrogen-
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containing chemical moieties, is shownHigure 5. Surface energy increased sharply
with the application of plasma treatment and thenlided, as samples age. Surface
energies resulting from treatments 1 and 2 werdaimithin 5 mJ/ni (ranging from

17 to 21 mJ/f) with a minimum of 14 mJ/ffor treatment 1 aged 30 days. The polar

component for the pristine PS substrate never eece® mJ/rh

22 -
—+—TT1
——TT2
—&— Control
181
—il

Polar energy (mJ/m?2)
o ~

I I I I I I I

0 5 10 15 20 25 30
Shelf life (days)

Figure 5. Polar energy of the PS surface as determined Wwaier contact angle measurements for
samples submitted to treatment 1 (TT1 - open squaeatment 2 (TT 2 -solid square) and control
sample (solid triangles). Lines are shown onlyattilitate visualization.

Discussion

Planktonic bacteria that attach to a surface aovgrs a biofilm are protected from
killing by antimicrobials, contributing to the pe&tence of infections such as those
associated with medical implanted devi€8sIn this context, the emergence and
global spread of carbapenemase-producing entemimmtae, such adebsiellaspp.,
Enterobacterspp., Escherichia coliandS. marcescengose an immediate infection
threat to vulnerable hospitalized patients and gemg@l threat to individuals in
general. Furthermore, long-lasting concerns alstaphylococcusfections likewise
persist, since they represent the most frequendesanf nosocomial infections and

infections on indwelling medical devicE&”
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This study focused on seven bacterial strains wiladch considered highly
relevant from the clinical point of view, since yhpresented high level of resistance
profile to antimicrobials, according to the MIC detined based on a panel of
antimicrobial agents (Table 1). All strains stud{éd cloacae S. marcescengiRSA
and S. epidermidis demonstrated a strong ability to form biofilm polystyrene,
exceptK. pneumoniawhich was classified as a moderate biofilm preduon this
surface (Table 1). The exposure of PS #H plasma (treatments 1 and 2) inhibited
bacterial adhesion of strains that present hydtgpbkurface (HBPI below 70%),
reaching up to 83% adhesion inhibition #r pneumoniag77% forS. marcescens
65% for S. aureusand 48% forE. cloacae during the first 24 h. Oppositel\s.
epidermidis which present hydrophobic surfaces (HBPI abovéo)/Oretained its
ability to adhere on the treated surfaces (Figiyrd e results of OE, (Figure 2) and
resazurin evaluations revealed bacterial cell \itgdof the planktonic cells in treated
samples. Therefore, plasma treatments are inddebiting bacterial adhesion, not
growth.

Bacterial adhesion is the first step in biofilm rfation. The initial adhesion
process is influenced by bacterial features, byntiagerial surface properties and by
the microenvironmental interactioHg. In order to explain the complex processes
involved in adhesion and non-adhesion mechanismbaoteria on surfaces, some
theories have been proposeéditial bacterial adhesion is governed by non-sjeci
interactions, and is commonly explained using therjdyuin-Landau-Verwey-
Overbeek (DLVO) theor§” Briefly, the classical DLVO approach considers two
additive forces: (i) an attractive van der Walld¢enmaction and (ii) a repulsive or
attractive interaction, depending on the surfacargh of the substrate and on the
electrostatic double layer of the bacteria cell.isTmodel is useful to describe
gualitatively the cell adhesion onto solid subssabut its theoretical predictions not
always elucidate biological phenomena obseled! The thermodynamic approach
considers the Gibbs energy involved in the badtadhesion, but also fails to properly
explain some result®*! Nowadays, the most promising theory, which uses
components from both models and includes distancespermtbent

hydrophobicity/hydration effects — the extended @ theory — has been successfully
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applied to explain some bacterial behavior regardidhesiof>*® Thereby,several
surface properties, including roughness, wettghibtbmposition, electric charge, and
surface free energy seem to contribute in the cexphechanism of bacterial
adhesion”

This work reports the composition and the polar ponent of surface energy
for plasma-treated PS. Previous plasma treatmexysrienents (data not shown)
indicated negligible roughness (root mean squaleeva the nanometer range) and an
essentially constant dispersive component of sariawergy. Data presented herein
show that both PSM treatments introduce nitrogamaining moieties at the PS
surface (Figure 4), increasing the polar compooésurface energyigure 6 (a) and
(b) illustrates bacterial adhesion for PS surfaselsmitted to treatments 1 and 2,
respectively, as a function of the bacterial hytiapcity investigated in this work. It
can be observed that the higher the bacterial sairfeydrophobicity, the higher the
bacterial attachment, regardless the treatmentr(2)oThe fact that adhesion of
hydrophilic bacteria (HPBI below 70%) is suppressadre effectively might be
explained considering that the bacterial surfackthe PS substrate polarization is the
same, i.e. charges due to nitrogen-containing group PS and bacterial surface
charge are of the same type and thus lead to edtatic repulsion. Hydrophobic
bacteria (HPBI above 70%) continue to adhere toPt8esurface because charges on
the substrate induce opposite polarization in thetdyia, as seen for. 8pidermidis
strains (Figure 1). Such reasoning does not depengarticular properties of the
biomaterial or bacteria utilized, and so it shoble a general rule that PSM of
biomaterials using nitrogen either inhibits or podes the adhesion of hydrophilic
bacteria (depending whether surface charges onb#uteria are of the same or
different type compared to the biomaterial surfaediile hydrophobic bacteria are the
least affected. Interestingly, another study dermated that the surface
hydrophobicity ofS. epidermidisstrains presents large variations, varying frono 3
89% using the MATH tedt” This finding could support the effectiveness oé th

plasma treatments herein used against hydrophifi;s ofS. epidermidis
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Figure 6.Bacterial adhesion as a function of bacterial bgtiobicity for bacterial strains on plasma
treated PS: (a) TT 1 (open circles) and (b) TTull Equares).

Beyond the qualitative discussion, we observed tbatface nitrogen
concentrations in excess of 8.8 % or polar compbokthe surface energy above 15
mJ/nf are sufficient to produce the beneficial effeaaght. It has been reported that
plasma induced modifications of polymer surfaces nadergo changes with time
after treatmenf?® Lifetime will thus depend on how aggressive (cheaily) is the
medium in which the biomaterial will be used orreth and that, if known in advance,
could be used to select between oxygen and nitrpegma modification for a given
application. As it can be seen, experiments offdieldemonstrated that the surface

properties of the PS start to degrade. A droptimgén concentration (Figure 4) for 15
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and 30 days after treatment and consequent reduatiche polar component of
surface energy (Figure 5) were observed.

The control of biofilm formation is very complexs alemonstrated by the
historical inability to produce clinically effecevbiomaterial implants resistant to
infection!*® This study focuses on the applicability of nonrthal N,/H, plasma to
generate antibiofilmPS surfaces, but it is important to observe that titghition of
bacterial adhesion obtained was not 100%. In tbisss some aspects should be
considered: (i) in a potential future applicatidrtteese surfaces in clinical settings, the
insertion or incision procedures will probably becampanied by appropriate
prophylactic antibiotic therapies and; (ii) thealobhumber of bacteria-laden particles
related to possible contaminant microorganismsushmower than the inoculum used
in this study (1.5 x 70CFU/mL in the wells). Indeed, the understanding eontrol of
polymer-bacterium interactions may be more complhen the formation of a
conditioning film is taken in account. After implation, a conditioning film from
organic matter present in the host surroundingdflaiay be deposited on the
biomaterial surface. The composition of this fil@pénds both on the material surface
features and the site body (tissue fluid, saliveyey blood and serum), and comprises
mostly proteins, such as albumin, immunoglobulintifiogen and fibronectifi®>* In
this sense, current findings are promising, sint®gen-based plasma systems, such
as N, NHs, Ar/NH3; and Q/NH3; have been used to produce hydrophilic surfaces on
different polymer substrates, such as polyethavaelfand polypropylene membranes,
in order to overcome protein foulifg>” The performance of MH, plasma
processing-PS regarding bacterial adhesion in theepce of the conditioning film

remains to be explored in a further investigation.

Summary

In conclusion, this study presents/N, plasma treatments that produce a much less
bacterial adherent and non-biocidal material, uimdeg plasma technical
applicability as a suitable clean and fast alteveaprocessing for medical polymer
materials. The correlation between microbiologicand physicochemical

investigations demonstrated that bacteria presgntaydrophilic surface (here
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exemplified by KPC-producing enterobacteriaceae MREA) had biofilm formation
significantly inhibited on treated PS surfaces duoethe prevention of bacterial
adhesion. Experiments evaluating the shelf lifplama-treated PS indicated that the
surface nitrogen concentration in excess of 8%,atvhich was equivalent to polar
component of the surface energy above 15 fmJdércritical for limiting bacterial
adhesionStaphylococcus epidermidmydrophobic strains were not affected, allowing
us to suggest that these effects may be explameerims of electrostatic repulsion.
The heterogeneity and complexity of bacterial ste$a including the variability across
different species and strainspntribute to the difficulty in generalizing findis
considering the impairment of bacterial attachnwensubstrata. Thereby, the potential
application of a fast technique, as PSM, extends gbssibility of controlling the
adhesion of various bacterial species and genaduding clinically important
pathogens, since it does not target specific miatoftructure or substrate, unlike
traditional antimicrobial agents. Moreover, comphr® the antimicrobial-based
coating approach that kill microorganisms to mitégghacterial colonization, the PSM
treatments presented in this work would be assettiatith minimal development of
bacterial resistance, interfering just with bactersurface - material surface
interactions. Regarding the dramatic situationhi@ hospital environment, where the
usual management to combat pathogenic biofilmsdsémoval of thousands infected
artificial devices, the results presented hereioukh be considered as a clue and a

contribution to explore PSM methods for future matedevelopment.
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O presente trabalho, conduzido de forma multidis@p, utilizou
microrganismos e superficies modelo, com o objgbiincipal de demonstrar provas
de conceito mais do que aplicacbes propriamentas.diNeste sentido, foram
abordadas duas estratégias para o combate da Ewrdagiofilmes de bactérias: (i) a
busca por fitocompostos com atividade antiformagd@diofiimes, guiado por relatos
etnofarmacolégicos, e o posterior recobrimento ulgedicie polimérica com estes
compostos e, (ii)) a modificacdo de propriedadesuperficie polimérica, através da
técnica de plasma ibnico, para a obtencdo de sojesrfantiadesivas. O principal
modelo de superficie utilizado foi o poliestirer®. poliestireno € um material de
hidrocarboneto aromatico e, como tal exibe carigrofébico de hidrocarbonetos,
juntamente com a estabilidade quimica dos compastm®aticos. Este polimero é
largamente empregado em culturas de células porap@@esentar toxicidade, ser
transparente e ter baixo custo de producdo, tabdadicado pelas iniUmeras marcas
disponiveis na area de pesquisa para este propé&sitbora o uso deste polimero
como biomaterial na pratica clinica seja raro, begtireno € utilizado em aplicacdes
médicas em sistemas artificiais de funcdo hep@ien dispositivos de liberacdo
controlada (PAVITHRA e DOBLE, 2008), e 0 seu usdescrito em curativos com
liberacdo controlada de agentes terapéuticos eesestimentos para dispositivos
médicos implantaveis (VACHON e WNEK, 2001; SCHWARD]11).

ApoOs a selecéo, coleta de plantas e preparo dext#&tos aquosos, a fim de
reproduzir o uso tradicional das plantas da Caatifogam realizados os rastreamentos
para a busca de atividade antibiofiime e atividadémicrobiana utilizando duas
bactérias-modelo formadoras de biofiim&. epidermidis ATCC 35984 e P.
aeruginosa ATCC 27853. Considerandds. epidermidis 15,5% dos extratos
apresentaram uma expressiva atividade antiformdeabiofilme (variando de 75 a
100%) e apenas 2,2% inibiram o crescimento bac@r@RENTIN et al, 2011).
Entretanto, quando testados frent®.aaeruginosao nimero de extratos com altas
atividades foi bem menor (4,4 e 6,7% para antlii e antimicrobiana,
respectivamente). Estes trabalhos iniciais demamstr o alto potencial antibiofilme

de extratos aquosos da Caatinga coSBtrapidermidise indicaram trés plantas com
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atividade antimicrobiana pafR aeruginosasendo importantes para direcionar nossa

posterior investigacao.

Subsequentemente, o estudo foi focado na purificdgd& compostos bioativos
de quatro plantasA. colubring C. leptophloeose M. urundeuva(ativas contra
P. aeruginosa e P. moniliformis (ativa contraS. epidermidis Considerando a
metodologia de extracdo (maceracdo aquosa), anomgematerial vegetal (cascas e
folhas), os dados sobre o alto teor de taninogsiaécies\. colubrinae M. urundeuva
(SIQUEIRA et al, 2012), e o fato de que as plantas da Caatinga ssbmetidas a
elevada radiacdo solar, a obtencdo de taninos peloesso de fracionamento
bioguiado era, de certa forma, esperada.

Taninos representam uma classe complexa de prodatinsais, sendo que
muitos trabalhos que direcionam a busca de compdBbtativos realizam processos
extrativos para a remocdo dos mesmos. Esta cordptiipode ser explicada devido
a grande heterogeneidade dos taninos, os quaremifguimicamente e no grau de
oligomerizacdo, e devido a auséncia de padrbespagdos para aplicacdo em
técnicas analiticas. Desta forma, a quantificagddadinos frequentemente é sub ou
superestimada dependendo do padrédo escolhido (SIEBHDFet al, 2001).
Considerando a cromatografia liquida de alta efw@& a limitada resolucéo
cromatografica dos taninos em colunas de fase savératribuida a presenca de
isdmeros com polaridades similares e diferentessgila polimerizagao, resultando em
tempos de retencao sobrepostos (SCHOFIEL AL, 2001; YANAGIDAet al, 2003),
além da elevada massa molecular desses metabdlithge prejudica a resolucéo do
cromatograma. O uso de fases estacionarias noramdigtanto, parece ser Gtil para
separar taninos hidrolisaveis de acordo com a nrastecular (OKUDAet al, 1989)
assim como oligbmeros de taninos condensados engrois (SCHOFIELDet al,
2001). Considerando as técnicas cromatograficgmmtvas, 0s taninos adsorvem-se
fortemente em silica gel, justificando o baixo lemehto de fragGes ativas na coluna
de RP-C18 e a presenca de material retido na calpds a limpeza da mesma (dados
ndo mostrados). Desta forma, a separacdo dos ctyapatvos neste trabalho foi

conduzida em Sephadex LH-20, sendo induzida pdééaedica de adsortividade de
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cada tanino no gel e ndo pelo principio de getafjffio através da separacéo por
tamanho molecular (OKUDAt al, 1989).

As analises por MALDI MS MS, uma das ferramentassrapropriadas para a
caracterizacdo de macromoléculas (MONAG&SL, 2010), confirmaram a presenca
de taninos como compostos ativos. Estruturas cow@plede proantocianidinas
(composta principalmente por profisetinidina paraolubrinae por prorobinetinidina
paraC. leptophloeosforam descritas pela primeira vez para o géAeradenanthera
e Commiphorae de taninos hidrolisaveis (constituido por udetade acido galico em
M. urundeuva foram identificadas. Estes taninos inibiram arfacdo de biofilme de
P. aeruginosatravés da acdo bacteriostatica, causando danogmbrana e excesso
na proliferacdo de vacuolos bacterianos, emborarabrana de eritrécitos tenha sido
preservada. Com relagcdd”a moniliformis proantocianidinas ricas em prodelfinidina
foram os compostos responsaveis pela completa@ubia formacédo de biofilme de
S. epidermidis sem afetar a viabilidade do microrganismo. Estzestigacdo é o
primeiro estudo fitoquimico desta abundante platfdgaCaatinga. Todas as fracdes
obtidas da coluna de Sephadex que continham pwanidinas foram capazes de
prevenir a formacao de biofilmes, embora a inibitgitha sido completa nas fracoes
cujas estruturas apresentavam grau de polimerizagamr que 3 (trimero),
destacando a importancia do tamanho molecular paasividade biologica. Estes
resultados corroboram com o estudo de Wittschieolaboradores (2007), o qual
destaca o potencial de grandes moléculas, commtpanidinas e carboidratos
provenientes de plantas, como antagonistas dexgiies adesivas. Interessantemente,
estas proantocianidinas ricas em prodelfinidinaivddas daP. moniliformis
apresentam estrutura linear com ligacdes intenflidvigpo B, diferentemente das
proantocianidinas do cranberry, ativas contra aauleleE. coli, cuja ligacéo tipo A
parece ser um pré-requisito para a atividade (HOWERL, 2005). Neste aspecto,
nossos resultados vao ao encontro dos achadoseeka Kolodziej (2010), onde a
reducdo da adesao deétreptococcus foi observada exclusivamente para
prodelfinidinas, sugerindo que a estrutura do p@ilolg (anel B) constitui um

grupamento estrutural importante para a atividade.
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Experimentos visando um maior detalhamento da daitle bioldgica das
proantocianidinas derivadas &e moniliformisforam realizados com a fragéo F7, a
gual apresentou maior rendimento frente as def@aisesultados indicaram que tanto
a superficie bacteriangs( epidermidis quanto a superficie dos materiais testados
(vidro e poliestireno) s&o espontaneamente recmbepelas proantocianidinas,
tornando-se superficies hidrofilicas. Diversos dlabs vém demonstrando que a
hidrofobicidade é um dos principais parametros bBfdos na adesdo bacteriana a
materiais (VACHEETHASANEEet al, 1998; PASCUAL, 2002; ROOSJE®#t al,
2006; JACOBSet al, 2007; OTTO, 2009e, que a atividade antiadesiva de
compostos, como a heparina e o &cido hialuréniem ltomo de superficies
modificadas esta sendo atribuida a hidrofiliciddde mesmos (CASSINELLégt al,
2000; FUet al, 2006; GAOegt al, 2011). Quando as superficies foram recobertas co
estas proantocianidinas v&pin coating a habilidade de prevenir a adesé&o Sle
epidermidisse manteve a superficie do material apresentou-se forteniadtefilica.

Um dos grandes desafios atuais na areciéteias de materiaié a criagao de
superficies antiaderentes para microrganismos e sjomiltaneamente, permitam a
adesado e a colonizacdo de células mamiferas. Umajue as células hospedeiras
superem as bactérias na colonizacdo de uma sueerdicrisco de infeccdo do
biomaterial deve diminuir significativamente devido integracdo do tecido do
hospedeiro (BUSSCHERt al, 2012). As superficies recobertas com taninos se
mostram compativeis com células epiteliais de menmifindicando o grande potencial
destes produtos naturais como agentes funcionaigectbrimento de superficies.
Entretanto, a habilidade destas superficies relastcom as proantocianidinas em
mediar diferentemente a adesdo 8e epidermidise de células de mamifero
concomitantemente incubadas permanece por seradaalEmbora o rendimento
destas fracfes ativas ndo seja alto (aproximadanteB5% do p6 da planta para a
fracdo F7), recentes avancos na sintese de praamtboas mostram-se como outras
opcdes para a obtencdo destes compostos e airgibijfiam um futuro estudo de
relacdo estrutura-atividade considerando o grau padimerizacdo estrutural
(FERREIRA e COLEMAN, 2011; QUIDEAWt al, 2011).
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Os resultados aqui apresentados identificando Bsds como COmMpostos
antimicrobianos ou antibiofilmes vém ao encontre d@balhos realizados com a
comunidade rural da Caatinga. Segundo Albuquerquadadoradores (2012), existem
evidéncias da correlacéo entre a producédo de cdagpéenodlicos e a atribuicdo de
valor terapéutico as plantas da Caatinga pela colade local. Neste sentido, plantas
indicadas para o tratamento de inflamacdes e goepsfularmente usadas como
antimicrobianos possuem altos teores de taninosamparacdo as plantas indicadas
para outros usos terapéuticos (ARAUSCaL, 2008; SIQUEIRAet al, 2012). Ainda,

a populacdo da Caatinga frequentemente utilizaassas de arvores para diferentes
“alvos terapéuticos” mesmo quando outras estrutio@so folhas) estdo disponiveis
para a mesma proposta (ALBUQUERQWUIEaI, 2012).

Com relacdo a segunda abordagem, o trabalho rdaleaa colaboracdo com o
Instituto de Fisica da UFRGS mostrou que a desaggalasma de MH, produz, de
maneira rapida e bastante efetiva, superficiesaliestireno capazes de impedir a
adesdo de bactérias altamente resistentes aos iaobranos. Através da
caracterizacdo por analise de XPS, verificou-se quando a concentracdo de
nitrogénio da superficie alcanca valores superiar88% e o componente polar da
energia de superficie se torna superior a 15 mdfactérias que apresentam superficie
hidrofilica (como, enterobactérias produtoras derbajgenemase e MRSA)
apresentaram reduzida adesdo nestas superficgsardo que cepas hidrofobicas
(exemplificadas peld. epidermidis mantiveram a capacidade de aderir e formar
biofilme. A atividade antiadesiva permaneceu apéstacagem das superficies por 15
dias, mas foi diminuida apdés 30 dias para algurs mrorganismos testados,
indicando a necessidade de manter estes mateolai¥écuo. Interessantemente, a
hidrofobicidade da superficie d&. epidermidis apresenta grandes variacoes,
apresentando valores de 3 a 89% no teste de afeiehiécrobiana ao hidrocarboneto
(MATH) (HOGT et al, 1985). Estes achados suportam a ideia de quesia@ de
muitos isolados d&. epidermidisum dos principais agentes etioldgicos de infegcde
envolvendo biomateriais, seja suprimida nestasrfoes tratadas com plasma ionico.
E importante destacar que os resultados encontreminsos tratamentos a plasma

representam uma estratégia alternativa “limpa” paprocessamento de materiais de



278

uso meédico e, ampliam a possibilidade de contraladesdo de diversos géneros e
espécies bacterianas, uma vez que nado faz usaf®stos ou substratos especificos
para determinados microrganismos.

Considerando os resultados obtidos com as sumsficecobertas com
proantocianidinas, capazes de inibir a adesédoSdepidermidis bem como os
resultados obtidos com as superficies tratadas asmal, antiaderentes para
K. pneumoniagE. cloacae S. marcesceng S. aureus ambos achados podem ser
explicados em termos da repulsdo eletrostatica teragao fisico-quimica néo
especifica importante no processo inicial da adbs&teriana - levando a criacdo de
superficies antiadesivas. O desempenho de ambasipesficies, recobertas com
proantocianidinas e tratadas por plasma, aposwafg@o de filme condicionamente de
matéria organica, permanece por ser investigaddretanto, existe uma boa
expectativa, uma vez que o tratamento a plasma @@mo o recobrimento de
superficies com polimeros podem ser utilizados garar substratos com alta energia
de superficie através de grupos hidrofilicos, oaigjsdo repelentes para proteinas
(KUMAR et al, 2010), exemplificado pela dimunicdo da adsorpamtéica em
superficies com filme de polietilenoglicol (KUMARBt al, 2010) e em membranas
polietersulfonicas tratadas com plasmas baseadwostegénio (KULLet al, 2005).

O controle da formacdo de biofiimes é uma tarefatancomplexa, como
demonstrada pela incapacidade da producéo de Eonastiimplantaveis clinicamente
eficazes em resistir a infeccdo (BUSSCH&RiL, 2012). Esta complexidade pode ser
atribuida (i) a heterogeneidade das superficietebacas, incluindo a variabilidade
entre diferentes espécies e cepas, 0 que impedenarajjzacdo de achados
considerando a diminuicAo da adesdo bacterianae sobr substratos e, (i) a
dificuldade em reunir varias areas do conhecimeiaatifico para abordar o problema
de forma suficientemente interativa.

A fim de abranger estratégias para o controle dendgdo de biofilmes a
presente tese contou com o envolvimento de difesednteas do conhecimento (Figura
1), uma vez que o estudo de biofilmes, recentemeniehado pelo termo

biofilmologia, é cada vez mais reconhecido como giéacia multidisciplinar onde a
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visdo e cooperacdo mutuas de diferentes disciplsastornam imprescindiveis
(KARUNAé(ARAN et al, 2011).

Coleta das plantas

da Caatinga Botanica e _
?; Etnofarmacologia
Extracado e fracionamento Quimica e
dos extratos Farmacognosia

I e

Quimica analitica
Instrumental e

Caractertizacdo de compostos ;
ativos e elucidacao estrutural Farmacognosia

I e

Microbiologia,
Biologia celular,
Bioquimica e
Toxicologia

Ensaios bioldgicos

I e

Fisica e
Modificacéo e Fisico-Quimica
caracterizagdo de superficies

T

Atividades desenvolvidas neste trabalh

Figura 12: Interfaces das diferentes areas envolvidas megtatigacdo para o combate da formacao
de biofilmes.

No que diz respeito a dramatica situacdo no anwibpspitalar, em que o
manejo habitual para o combate de biofilmes paiogéré a remocado de milhares de
dispositivos infectados, os resultados aqui aptaedes devem ser considerados como
guias para o direcionamento de futuros estudosa @desenvolvimento de pesquisa

na area de biofilmes.
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Em resumo, os resultados obtidos nesta tese:

. Fornecem uma base cientifica que pode justificagured dos usos
etnofarmacolégico das plantas da Caatinga e destacgapel de taninos como

importantes compostos com acao bioldgica;

. Elucidam pela primeira vez a estrutura de tandussgénerodnadenanthera
Commiphora
. Relatam pela primeira vez a atividade antibiofikna investigacao fitoquimica

de folhas déityrocarpa moniliformis

. Demonstram altas taxas de inibicdo da formacaoafénte de P. aeruginosa
devido a inibicdo do crescimento bacteriano pointsicondensados e hidrolisaveis e
altas taxas de inibicdo da formacédo de biofim&depidermidiglevido a inibicdo da

adesdao bacteriana por taninos condensados ricpsogiifinidina;

. Apresentam a aplicabilidade de revestimentos a dageoantocianidinas como
uma abordagem para o desenvolvimento de superfoigsderentes para bactérias e

biocompativeis com células de mamiferos;

. Exibem a criacdo de superficies antiaderentes din&mlas para bactérias com
superficies hidrofilicasK. pneumoniae, E. cloacae, S. marcescenS. aureuy

através de tratamentos do material polimérico cestarga de plasma de/N;

. Combinam a caracterizacdo fisico-quimica de superfiio polimero e as
propriedades da superficie bacteriana para properaghidrofilicidade e a repulséo

eletrostatica sdo os parametros responsaveis gfelibes antiaderentes alcancados;

. Evidenciam a necessidade de trabalhos multidiseipdis para que medidas de

controle de biofilmes sejam obtidas com sucesso.
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