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RESUMO

A qualidade e a seguranca dos produtos fabricados pelas industrias de alimentos
ficam comprometidas quando bactérias aderem e se multiplicam nas superficies dos
equipamentos utilizados na producéo de alimentos. O aco inoxidavel AISI (American
Iron and Steel Institute) 304 e AISI 316 sdo os mais utilizados na fabricagdo de
diversos tipos de equipamentos e utensilios para as industrias de alimentos, sendo
gue muitos deles contém soldas entre as juncdes de suas diferentes partes. Alguns
pesquisadores relacionam a presenca destas soldas a rugosidade e a dificuldade de
higienizacdo e consequente adesdo microbiana nestas estruturas. No entanto,
atualmente, existem poucos trabalhos que estudam o processo de adeséo
microbiana em soldas. O presente trabalho teve como objetivo investigar a adeséo
de um patogeno alimentar Gram-negativo (Salmonella Enteritidis) e um Gram-
positivo (Listeria monocytogenes) em acos inoxidaveis e em soldas MIG (Metal Inert
Gas) e TIG (Tungsten Inert Gas); avaliar a influéncia da topografia e rugosidade dos
materiais e a hidrofobicidade das superficies e das células no processo de adeséo;
determinar a energia livre de interacdo e a energia de adesao entre as células e as
superficies e, por fim; estudar o efeito da modificacdo da superficie dos acos
inoxidaveis através de nitretacdo a plasma na adesdo de S. Enteritidis e L.
monocytogenes. Os resultados mostraram que n&o houve diferenca significativa (p >
0,05) entre o nimero de células aderidas as superficies dos dois tipos de soldas e
dos dois acos inoxidaveis para ambas as bactérias e indicaram que ndo houve
correlacdo entre a adesdo e a hidrofobicidade e a rugosidade das superficies. O
tratamento de nitretacdo a plasma foi capaz de alterar as superficies dos acos
inoxidaveis, reduzir a adesdo bacteriana e, portanto, mostra-se como uma
promissora tecnologia para prevencao da adesao microbiana.

1Tese de Doutorado em Microbiologia Agricola e do Ambiente - Microbiologia de Alimentos, Instituto
de Ciéncias Basicas da Salde, Universidade Federal do Rio Grande do Sul, Porto Alegre, RS,
Brasil. (116 p.), Marco, 2014.
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ABSTRACT

The quality and safety of products manufactured by food industry are threatened
when bacteria attach to and grow on surfaces of equipment used in food production.
The stainless steel AISI (American Iron and Steel Institute) 304 and AlSI 316 are the
most various types used in the manufacture of equipment and utensils for the food
industries. Many of these equipments contain welds between its different parts.
Some researchers related the presence of these welds to increase the roughness
and the difficulty of cleaning, and consequently microbial adhesion occures in these
structures. However, currently, there are few researchers that study the process of
microbial adhesion in welds. The present study aimed to investigate the adhesion of
a Gram-negative (Salmonella  Enteritidis) and Gram-positive  (Listeria
monocytogenes) food pathogens in stainless steels and MIG (Metal Inert Gas) and
TIG (Tungsten Inert Gas) welds; evaluate the influence of topography and roughness
of the materials and the hydrophobicity of the material surfaces and cells in the
attachment process and determine the free energy of interaction and adhesion
energy between cells and surfaces; and finally, also to evaluate the effect of plasma
nitriding surface modification of stainless steels on the adhesion of S. Enteritidis and
L. monocytogenes. The results showed that there is no significant difference (p >
0.05) between the numbers of cells attached to the surfaces of welds and stainless
steel for both bacteria and indicated that there was no correlation between adhesion
and hydrophobicity and roughness of surfaces. The plasma nitriding treatment was
able to modify the surfaces of the stainless steel reducing bacterial adhesion and
therefore there is demonstrated a promising technology for preventing microbial
adhesion.

1Doctoral thesis in Agricultural and Environmental Microbiology — Food Microbiology, Instituto de
Ciéncias Basicas da Salde, Universidade Federal do Rio Grande do Sul, Porto Alegre, RS,
Brazil. (116 p.), March, 2014.
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1. INTRODUCAO

A ocorréncia de surtos de doengas transmitidas por alimentos (DTA)
continua sendo um problema em todo mundo. Evitar a ocorréncia desses
surtos € um dos principais objetivos dos 6rgados reguladores, empresas de
alimentos e também de centros de pesquisa da area. Apesar de existirem
diversas legislacdes que objetivam a reducao das DTA, as medidas de controle
devem passar pela acdo das industrias de alimentos e servicos de alimentacéo.
Nesses estabelecimentos devem ser mantidas praticas de trabalho higiénico-
sanitarias de maneira a minimizar os riscos de contaminacdo durante o

processo produtivo.

A adesdo bacteriana as superficies que entram em contato com 0s
alimentos é uma das principais fontes de contaminacdo, uma vez que 0S
microrganismos aderidos podem dificultar a higienizacdo das superficies,
propiciando a contaminag¢do cruzada e, conseguentemente, a ocorréncia de
surtos. Sabe-se que, em determinadas condi¢cdes, 0s microrganismos aderem

e interagem com as superficies de equipamentos e utensilios, podendo formar

estruturas conhecidas como biofilmes.

Muitas bactérias patogénicas ja foram isoladas da superficie de



equipamentos e utensilios utilizados em empresas de alimentos, como por
exemplo, Salmonella spp., Listeria monocytogenes, Yersinia enterocolitica,
Campylobacter jejuni, Shigella spp., Escherichia coli O157:H7, Staphylococcus

aureus e Bacillus cereus.

Existe uma variedade de materiais que sao utilizados em indastrias
de alimentos e servicos de alimentacao, dentre eles, o aco inoxidavel é o mais
empregado para confeccao de equipamentos. Contudo, em muitos destes ha a
presenca de soldas, estruturas utilizadas para juncdo de metais, como Metal
Inert Gas (MIG) e Tungsten Inert Gas (TIG), que dificultam a realizacdo dos
processos de higienizagdo, propiciam maior retencdo de residuos e,
consequentemente podem facilitar os processos de adesdo e formacdo de

biofilme microbiano.

Além das propriedades inerentes aos equipamentos, como
rugosidade e hidrofobicidade, os fatores microbianos (hidrofobicidade, carga
elétrica e sintese de substancias extracelulares) e os fatores ambientais (pH,
temperatura e nutrientes) também auxiliam na compreensdo e estudo da
adesdo microbiana. Assim, conhecer, compreender e estudar tais fatores
contribui para o estabelecimento de estratégias eficazes de controle e
prevencdo de microrganismos patogénicos na cadeia de produgcdo de

alimentos.

No sentido de prevencao da ades&o e consequente formagédo de
bioflme microbiano, algumas alternativas tecnolégicas vém sendo

desenvolvidas e testadas. Dentre elas, a modificacdo de superficies de aco



inoxidavel por meio da técnica de implantacdo i6nica ou nitretacdo a plasma

tem sido abordada como uma promissora tecnologia.

Considerando as duvidas ainda existentes com relacdo aos
mecanismos envolvidos na adesédo microbiana, o conhecimento das interagcdes
fisico-quimicas envolvidas na adesdo de patdgenos alimentares aos principais
materiais utilizados em equipamentos de industrias de alimentos, adquire
grande relevancia. Além disso, ha poucas e recentes pesquisas sobre a
alteracdo de superficies que entram em contato com alimentos. Com base
nesses fatos, o objetivo geral deste trabalho foi investigar as interagdes fisico-
quimicas envolvidas na adesdo de Salmonella Enteritidis e Listeria
monocytogenes as superficies dos agos inoxidaveis (AISI 304 e AISI 316) e
soldas MIG e TIG utilizados em equipamentos de processamento de alimentos.
Os objetivos especificos foram: avaliar a influéncia da rugosidade das
superficies e da hidrofobicidade das superficies e das células bacterianas na
adesdo destes microrganismos aos acos e as soldas e avaliar o efeito do
tratamento de nitretacdo a plasma dos ac¢os inoxidaveis (AISI 304 e AISI 316)
na adesdo bacteriana, com o intuito de apresentar uma alternativa para

controle da adeséo e consequente formacéao de biofilme.



2. REVISAO BIBLIOGRAFICA

2.1. Patogenos alimentares

A formacédo de biofilmes ap6s a adesdo de patdgenos como Salmonella
spp., L. monocytogenes, Yersinia enterocolitica, Campylobacter jejuni, Shigella spp.,
Escherichia coli O157:H7, Staphylococcus aureus e Bacillus cereus em superficies
gue entram em contato com os alimentos tem sido reconhecida como um fator que
pode contribuir com os surtos de infec¢gOes alimentares (BONSAGLIA et al, 2014,

SHI & ZHU, 2009; FRANK & CHMIELEWSKI, 2003).

Salmonella € um patégeno alimentar Gram-negativo e mesofilo que tem
sido identificado como o principal causador de DTA em varios paises (FORSYTHE,
2010; European Food Safety Authority (EFSA), 2010; CHIA et al, 2009). Durante a
tltima década a salmonelose tem sido relatada como a doenca de origem alimentar
mais frequente no Brasil e é o principal agente causador de DTA no RS, desde 1997
(BRASIL, 2013; TONDO & RITTER, 2012; MURMANN et al, 2008; OLIVEIRA et al,
2007; RS/DVS, 2006). Mais de 90% das cepas que causaram salmoneloses
alimentares no RS, de 1999 a 2008, foram sorotipificadas como Salmonella (S.)

Enteritidis com o mesmo perfil genotipico (OLIVEIRA et al, 2009).

Segundo Tondo et al (2010) a S. Enteritidis que causa surtos no Estado

do RS adere ao polietileno e ao aco inoxidavel de forma semelhante a S. Bredney e
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a S. Typhimurium, porém a S. Enteritidis forma grumos o que n&do ocorre com as
demais, indicando a necessidade de investigar as interagcdes que ocorrem entre esta

bactéria e as superficies.

L. monocytogenes é um microrganismo Gram-positivo, mesofilo com
caracteristicas psicrotréficas (GANDHI & CHIKINDAS, 2007; WILKS, MICHELS &
KEEVIL, 2006) que apresenta importancia mundial como patégeno de alimentos,
uma vez que tem provocado varios surtos com graves consequéncias
(CARPENTIER & CERF, 2011; TAKAHASHI, et al, 2009). Este patdgeno possui
dose infectante baixa e pode causar altas taxas de mortalidade, variando de 20 a
30% (SZLAVIK et al, 2012; BUCHANAN et al, 2004). Este microrganismo tem
ganhado importancia na ultima década devido a ocorréncia de inidmeros surtos em
todo mundo (JENSEN et al, 2010; GOULET et al, 2008) e tem sido isolado em
muitos locais dentro de plantas de producdo de alimentos (CARPENTIER & CERF,
2011; ORTIZ et al, 2010; BONG JAE, TRAVIS & NEHAL, 2009; SHARMA &
ANAND, 2002). Diversos trabalhos tém demonstrado a capacidade desta bactéria
em aderir e formar biofilme em aco inoxidavel, vidro e borracha (BONSAGLIA, et al,
2014; CHAVANT et al., 2002; LUNDE'N, et al, 2002; CHAE & SCHRAFT, 2000;

LERICHE & CARPENTIER, 2000).

2.2. Adesdo microbiana e formacéao de biofilme

Biofilmes sdo comunidades constituidas por ceélulas sésseis, mono ou
multi-espécies, aderidas a um substrato, embebidas em uma matriz de polimeros

extracelulares (exopolissacarideos - EPS), em cuja formacdo os microrganismos
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exibem diferenciados fendtipos, metabolismo, fisiologia e transcricdo genética

(DONLAN & COSTERTON, 2002).

Os biofilmes que ocorrem na natureza consistem em uma dispersao de
particulas coloidais (células microbianas, minerais precipitados, detritos biologicos)
em um hidro gel [substancias microbianas poliméricas extracelulares (EPS) e
polimeros extracelulares, tais como muco, colageno, ou DNA] (STEWART, 2014).
Esses EPS podem conter polissacarideos, proteinas, fosfolipidios, acidos nucléicos
e teicoicos, DNA extracelular e outras substancias, contendo de 85 a 95% de agua

(FLEMMING & WINGENDER, 2010; SHI & ZHU, 2009).

Os EPS promovem protecao ao biofilme, dificultando o acesso de agentes
biocidas, concentrando nutrientes, sequestrando metais e toxinas e prevenindo a

desidratacdo (CARPENTIER, 1993).

A maioria dos microrganismos em seus habitats naturais esta aderida a
superficies (DAVEY & O'TOOLE, 2000), indicando a grande vantagem seletiva dos

microrganismos organizarem-se em biofilmes (CARPENTIER, 1993).

Os biofilmes tém importancia em varias atividades humanas, por exemplo,
em estacdes de tratamento de aguas ou de efluentes, eles removem organismos
patogénicos e reduzem a quantidade de matéria organica. Numerosos bio-processos
também utilizam biofilmes (XAVIER et al, 2005). Nas industrias de alimentos, a
formacdo de biofilmes tem grande importdncia, uma vez que pode dificultar a
higienizacdo das superficies que entram em contato com o alimento, possibilitando a
ocorréncia de surtos. Isto ocorre, pois 0s microrganismos na forma de vida séssil
resistem significativamente mais aos sanificantes utilizados nos procedimentos de

higienizacdo (BOARI et al, 2009) Alguns pesquisadores sugerem que estes
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microrganismos sejam 500 (COSTERTON et al, 1995) ou até 1000 vezes

(DRENKARD, 2003) mais resistentes que as células plancténicas.

Atualmente ndo existe um consenso em relacdo ao conceito diferencial
entre biofilme e adesdo microbiana. Alguns autores consideram como biofilme os
agrupamentos celulares com mais de 10’ UFC/cm? (ANDRADE, BRIDGEMAN &
ZOTTOLA, 1998), no entanto outros aceitam como biofilme um numero de células
aderidas entre 10° e 10° células/cm® (WIRTANEN, HUSMARK & MATILLA-

SANDHOLM, 1996; RONNER & WONG, 1993).

A colonizacdo microbiana e consequente formacédo de biofilmes sao
controladas por processos quimicos, fisicos e microbiolégicos (GARRETT et al,
2008). A adesdo do microrganismo € a etapa inicial deste processo, que resulta no
acumulo de biomassa e materiais extracelulares na superficie de um substrato

(HORI & MATSUMOTO, 2010; VALCARCE, BUSALMEN & SANCHEZ 2002).

A adesdo microbiana em superficies pode ser definida como a energia
necessaria para que ocorra a unido entre o suporte e a célula, ou seja, o trabalho
necessario para remové-la e retorna-la ao seu estado original (AZEREDO,

HENRIQUES & LIMA, 2012).

2.2.1. Fases da adeséo bacteriana

A adesdo de microrganismos as superficies pode ocorrer diretamente
pelo contato com alimentos contaminados ou indiretamente por particulas
bacterianas do ar, iniciando-se o processo de adesdo da bactéria ao substrato

(KUSUMANINGRUM et al, 2003).



8

A adeséao bacteriana consiste em uma atracdo da célula pela superficie,

seguida da adsorcdo e posteriormente aderéncia da célula bacteriana
(KATSIKOGIANNI & MISSIRLIS, 2004). Muitos mecanismos para adesao
microbiana em varias superficies tém sido propostos, sendo que a teoria proposta
por Characklis e Marshall (1990) tem sido a mais aceita. Esta teoria propde que o
mecanismo de adesao e colonizacdo da superficie € um processo de oito etapas
qgue incluem principalmente a formacao inicial de um filme condicionante, a adesao
reversivel e irreversivel e o desprendimento de células do biofiime maduro para
subsequente recolonizacdo. Na Figura 1 sdo apresentadas algumas das etapas

envolvidas na colonizacdo microbiana de superficies.

1. Transporte 2. Ades3o inicial
Difusdo Convecgdo
Q ,- Movimentos
_2 \ Brownianos
- )
= I (-
L -
3. Fixagdo da célula 4. Colonizagéio
Biofilme
F‘ulirneros
Apéndices Cold f
celulares olonia v... .

- (- 55, R

Figura 1: Principais etapas envolvidas na adesao e colonizagdo microbiana em superficies.
(Fonte: OLIVEIRA, 2001, apud NOVELLO, 2012).

7

O filme condicionante é estabelecido nos primeiros 5 a 10 segundos
(MITTELMAN, 1998) pela acédo da forca gravitacional ou pelo movimento do fluido
gue conduzira particulas organicas e inorganicas, como lipideos, sais minerais

e proteinas, a superficie do substrato em meio aquoso (GARRETT et al, 2008;

DUNNE et al, 2002).
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Outra fase importante para a fixacdo microbiana é o seu transporte
a superficie. Em fluidos em repouso, 0 microrganismo se desloca por difusdo
devido aos movimentos Brownianos ou ainda por causa da mobilidade resultante
dos apéndices celulares. Porém, em fluidos em movimento, a aproximacao das
células a superficie é resultante da conveccdo e a velocidade do transporte
convectivo € superior ao por difusdo (HORI & MATSUMOTO, 2010; CHARACKLIS,
1981).

Uma vez que a célula esteja proxima de uma superficie (50 nm), a adeséo
inicial entre célula e superficie, ocorre em consequéncia de forcas de curto e
longo alcance e um processo reversivel ou irreversivel se inicia. No processo
reversivel, o microrganismo apos se fixar a superficie, continua a apresentar
movimentos Brownianos, sendo removido gracas a acdo de forcas de tenséo
de corte, ou entdo, pelo proprio movimento celular. Neste momento, ha também a
acdo de forcas de longo alcance, van der Waals e eletrostaticas, que fixam a
célula a superficie. Contudo, quando o microrganismo deixa de exibir
movimentos Brownianos, a adesdo torna-se irreversivel, e desta forma este
dificilmente é removido da superficie (HORI & MATSUMOTO, 2010; CHARACKLIS,
1981).

Desta forma, a carga superficial do microrganismo, adquirida quando o
mesmo estd imerso em solucdes aquosas, também € outro fator determinante
durante a etapa de adesdo. Esta carga pode ser resultante da adsorcéo de ions ou
ionizacao de grupos quimicos, uma vez que na superficie celular existem compostos
acidos (carboxilicos e fosfato) e basicos (grupos amina) que reagem com 0s ions

OH e H;O" presentes na solucdo. Além disso, este fenémeno é dependente do
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pH do meio, sendo que em solucbes proximas da neutralidade, as bactérias
possuem uma carga global negativa devido ao fato de haver um maior numero de
grupos fosfato e carboxilicos, porém, quando o pH € muito baixo, as bactérias
podem apresentar uma carga global positiva, devido a predominancia de grupos
amina (OLIVEIRA, 2001, apud NOVELLO, 2012).

Alguns microrganismos sdo capazes de aderir firmemente a superficies
em ambientes de baixa forca idnica, nestas situacdes a adesao pode ser explicada
pelo fato de que as células apresentam estruturas extracelulares, como fimbrias e
pilis, ou produzem exopolissacarideos, capazes de ultrapassar a barreira de energia
imposta pelas forcas eletrostaticas repulsivas e reduzir a distancia entre célula e
superficie (AZEREDO, HENRIQUES & LIMA, 2012; HORI & MATSUMOTO, 2010).

Finalmente, apds o estabelecimento de uma interacdo firme entre a célula
e a superficie, por meio de ligacdes fisico-quimicas especificas, como ligacdes
covalentes, idnicas e de hidrogénio, ou ainda por meio de ligacGes estabelecidas por
estruturas extracelulares especificas produzidas pelos microrganismos (apéndices
celulares filamentosos ou polimeros extracelulares), um processo de multiplas
etapas é iniciado e leva a formacdo de uma complexa comunidade microbiana
(BOS, VAN DER MEI & BUSSCHER, 1999). Nesta comunidade as células se
multiplicam e originam novas camadas de células, formando micro colonias que se
desenvolvem dando origem a um filme biol6gico. Este filme fica embebido em uma
matriz composta por macromoléculas (polissacarideos e proteinas) excretadas pelos
microrganismos, formando uma estrutura, conhecida como biofilme (HORI &

MATISUMOTO, 2010).
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2.2.2. Aspectos fisico-quimicos da adesdo microbiana

Vérias abordagens distintas tém sido utilizadas para descrever e prever a
adesao bacteriana em superficies. Em geral, a adesado pode ser descrita pela Teoria
Termodinamica, a qual utiliza a equacdo modificada de Dupré (Equacdo 1), a
Teoria DLVO - Derjaguin, Landau, Verwey e Overbeek (VERWEY & OVERBEEK,
1948; DERJAGUIN & LANDAU, 1941) e a DLVO Estendida, teoria que
complementa a anterior (SHARMA & HANUMANTHA RAO, 2003).

Segundo a Teoria Termodindmica, a adesdo ocorrerd se durante o
processo houver reducdo da variacdo da energia livre de Gibbs total (AG™"). Neste
modelo (Equagdo 1), ndo s&o consideradas as interacOes eletrostaticas e as
interacdes especificas mediadas por exopolimeros ou apéndices extracelulares

(AZEREDO et al, 2012; VAN OSS, 1991).

~TOT _ .
AG™ =¥4—Ta~¥u

1)

Onde, ysp € a tensdo superficial entre a superficie e a bactéria, ys a
tensdo superficial entre a superficie e o liquido e yy a tensé@o superficial entre a
bactéria e o liquido, sendo as unidades expressas em mJ.m? (VAN OSS, 1991).

A adesdo de um microrganismo a uma superficie solida em solucao
aguosa ocorre somente se o filme de agua que reveste as duas superficies for
removido. Portanto, a interface bactéria/liquido e a interface superficie de
adesdao/liquido terdo que ser substituidas pela interface bactéria/superficie de
adesdo (CHAVES, 2004). Como todo sistema na natureza, a interacdo entre o
microrganismo e a superficie também ocorrerd em direcdo a diminuicdo de energia

livre. Isso significa que a adesdo do microrganismo acontecerd se AG'™" for
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negativa e serd termodinamicamente desfavoravel, se for positiva. O calculo das
tensbes superficiais ys € Yy € possivel pela obtengdo da medida do angulo de
contato (0) entre a superficie, ou bactéria, com liquidos padrdes, cuja componente
da tensédo interfacial é conhecida (Tabela 1) (SHARMA & HANUMANTHA RAO,

2003).

Tabela 1: Componente da tensédo superficial de liquidos em temperatura ambiente (25°C).

v (ma.m?)
Liquido TOT LW + -
Y vl vl vl
Agua 72,8 21,8 25,5 25,5
Formamida 58 39 2,28 39,6
a-Bromonaftaleno 44 4 44 .4 0 0

yI °": Tensao superficial total ; yI™": Tensao superficial relativa a componente de Lifishitz — van der

Waals; yl *: Tenséo superficial relativa a componente base de Lewis; yI: Tens&o superficial relativa a
componente 4cido de Lewis. Fonte: adaptado de van der Mei, Bos & Busscher, 1998.

A Teoria DLVO, considera os microrganismos particulas quimicamente
inertes, ou seja, sdo como coloides liofébicos. Isso, porque a maioria das bactérias
nao excede 2,0 um de comprimento e a sua densidade é superior a da agua,
podendo, portanto ser consideradas, como particulas coloidais vivas (MARSHALL,
1976). No entanto, esta Teoria ndo considera os aspectos microbiolégicos da
adesdo. A Teoria DLVO prevé que a energia potencial total de interacdo entre dois
corpos € resultante da acdo combinada entre as forcas atrativas de Lifshitz - van der
Waals e as forcas de dupla camada elétrica (Equacdo 2), que geralmente sao

repulsivas.
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.ﬂ{j”” =£GL1 +.j.'|:._i' L
(2)

Onde, AGF"¢é a energia livre das forcas da dupla camada elétrica e AG™" a
energia livre das forgas de Lifshitz - van der Waals (VAN OSS et al, 1990). A
intensidade destas forcas é diretamente proporcional ao tamanho das particulas que
interagem e na razao inversa da distancia da superficie. A superficie de um solido
eletricamente carregado em solucdo aquosa atrai ions de sinal contrario ao do meio
e simultaneamente repele os de sinais iguais. Uma vez que a maioria das
superficies adquire carga negativa em solucao, as forcas da dupla camada elétrica
apresentam, geralmente, um carater repulsivo (OLIVEIRA, 2006). Dessa forma, a
adesdo somente serd irreversivel quando a variacdo de energia livre de Gibbs total

for negativa (AG™"

< 0), e a distancia entre a superficie e o microrganismo for tao
minima tanto quanto possivel, entre 2 nm a 5 nm.

Esta teoria considera apenas a atracdo das forcas de longo alcance. No
entanto, quando uma particula ou microrganismo esta muito préximo (2 nm - 5 nm)
de uma superficie, sdo as forcas de curto alcance que regulam o processo. Estas
forcas, denominadas ndo-DLVO, séo representadas pelas forcas de repulsdo de
Born, interacdes hidrofébicas, forcas de hidratacéo e pontes poliméricas (VAN OSS,
1995). Van Oss e colaboradores, em 1994, integraram 0s aspectos termodinamicos
da adesdo a teoria DLVO. Essa teoria é conhecida como XDLVO ou DLVO
Estendida, e consideram as for¢cas de curto alcance, principalmente as interacdes
hidrofobicas (HARIMAWAN et al, 2013). A variacdo da energia livre das interacdes

totais numa superficie (AG'™") (Equac&o 3) é resultante do somatério das energias

livres das interacdes de Lifshitz - van der Waals (AGY), interacdes &cido-base de
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Lewis (AG"P), forgas eletrostaticas de dupla camada elétrica (AGF") e interacoes

resultantes dos movimentos Brownianos (AG®®) (VAN OSS, 1991):

.ﬂ.ﬁ“” =£'LG|I.H. +_..'LGJH +ﬂG£|'. +ﬂ|.{_.|'HH

3)

O contato direto entre a bactéria e 0o substrato pode ser estabelecido em
nivel molecular por meio de substancias poliméricas extracelulares sintetizadas.
Esses compostos ndo estdo sujeitos ao mesmo tipo de repulsdo que as bactérias,
portanto podem facilitar a adesdo entre a bactéria e a superficie por varias
combinac¢Bes de ligacdes quimicas (eletrostaticas, covalentes e de hidrogénio) e
interacbes dipolo (dipolo-dipolo, dipolo-induzido dipolo e ion-dipolo), além de
interacOes hidrofébicas. Por isso, a bactéria pode ter diferentes tipos de adesividade
(MARSHALL, 1992).

Em 1995, Van Oss e Giese desenvolveram uma metodologia de célculo
gue permite quantificar a hidrofobicidade da superficie por meio de componentes
da tensdo superficial. A hidrofobicidade microbiana € definida pela energia de
atracdo entre células apolares ou levemente polares, imersas em fase aquosa
(CERCA et al, 2004; VAN OSS & GIESE, 1995).

A hidrofobicidade das células pode ser determinada por diversos
métodos, entre eles a adesdo microbiana a hidrocarbonetos, coluna de interacéo
hidrofébica, a adesdo a superficies hidrofébicas, agregacdo por adicdo de sais,
particdo hidrofébica num sistema aquoso bifasico e a medida do angulo de contato
(CHAVES, 2004; VANDER MEI, BOS & BUSSCHER, 1998). Contudo a técnica que

melhor determina a hidrofobicidade é a do angulo de contato (DOYLE, 2000).
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O angulo de contato formado por uma gota de um liquido sobre uma
superficie sdlida consiste no angulo entre um plano tangente a uma gota e a
superficie onde o liquido se encontra depositado (Figura 2). Esse angulo permite
avaliar a molhabilidade dessa superficie. Se o liquido for a agua, o angulo formado
sera relacionado a hidrofobicidade da superficie. Angulos inferiores a 50° indicam
superficie hidrofilica e angulos superiores a 50°, superficie hidrofébica (VAN OSS &
GIESE, 1995). No entanto, para Vogler (1998), uma superficie hidrofébica deve

apresentar angulo de contato com a agua superior a 65°.

Vv
f
s Ya

Figura 2: Angulo de contato (©) entre uma gota
e uma superficie.

Através da equacdo de Young-Good-Girifalco-Fowkes € possivel
relacionar o angulo de contato formado pelo liquido sobre uma superficie sélida com
as componentes da tenséo superficial do liquido e da superficie (Equacéo 4). Para a
realizacdo das medidas destes angulos sdo necessarios um liquido apolar e dois

polares.

{I+c1}55}yf”r =3fu|[}'f'" _1';'" +'.4|[}':,‘-’,._ +1,III}’:J',-' )
4)

Onde, v,'°" é a tensédo superficial total do liquido; y™ e ys™" s&o as

tensdes superficiais das forgas de interagdo de Lifshitz - van der Waals; y;" e ys*
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sdo as componentes aceptoras de elétrons do componente acido-base de Lewis
da tenséo superficial; e y/ e ys sdo as componentes doadoras de elétrons do
componente acido-base da tensdo superficial, considerando-se que sao as
tensdes para os liquidos (I) e para a superficie (s) analisados. Para liquidos
apolares, a componente polar da tenséo superficial € nula, e, portanto, a Equacéo 4

reduz-se a Equacéao 5:

_TOT
ww ¥

¥, [1+4L:|ﬂ+.tnf.1"}J

)
As equacdes permitem determinar as componentes da tenséo superficial

de liquidos a 25 °C (Tabela 1) (VAN DER MEI, BOS & BUSSCHER, 1998). As

componentes da tenséo superficial sdo utilizadas para calcular a variacdo de energia

~TOT

livre de interacao total (M"“" ). Segundo esta metodologia, a hidrofobicidade é
definida como o grau de interacdo entre as moléculas de um determinado material
AGES!

imerso em agua. Se os valores de forem inferiores a zero, a variagédo de

energia livre total de interacdo entre as moléculas de uma superficie imersa em agua

€ atrativa (Mﬂ! 0), o que indica que as moléculas da superficie apresentam menor
afinidade com a agua do que entre si mesmas e que, portanto, esta superficie é
considerada hidrofébica. No entanto, se esta variacdo de energia for positiva, ou
AGHST

seja, uma interacdo de carater repulsivo ( > 0), a superficie é considerada

L. . . ~TOT
hidrofilica. E importante salientar que quanto maior for o valor absoluto de Al :

mais hidrofobica (valores negativos) ou mais hidrofilica (valores positivos) é a

superficie (VAN OSS & GIESE, 1995).
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Todas as teorias apresentadas anteriormente levam em consideracao

apenas 0s aspectos fisico-quimicos e termodinamicos da adesdo, portanto, ndo
levam em consideracdo o fato de os microrganismos serem células vivas, cujas
caracteristicas microbiologicas sdo capazes de condicionar a adesdo (CHAVES,

2004).

2.3. Adesdo de microrganismos as superficies de
materiais

Os biofilmes contém particulas de proteinas, lipideos, fosfolipideos,
carboidratos, sais minerais, vitaminas e agua que formam uma espécie de crosta
sobre a superficie. Dessa forma, 0s microrganismos continuam a se multiplicar,
gerando um substrato altamente propicio para a aderéncia de outras bactérias,
inclusive as patogénicas (SHI & ZHU, 2009). Isso faz com que as superficies de
equipamentos e utensilios utilizados na producdo de alimentos sejam focos de
contaminag¢do microbiana (HOLAH & THORPE, 1990), além disso, no biofilme, os
organismos estdo mais resistentes a acao de agentes quimicos e fisicos (KIM, RYU,
BEUCHAT 2006, RYU & BEUCHAT, 2005).

Devido a isto, as superficies de equipamentos e utensilios que entram em
contato com os alimentos sdo uma das principais fontes de contaminacao
microbiolégica nos locais de producdo de alimentos (WONG, 1998). Entre os
materiais mais utilizados em equipamentos empregados no processamento de
alimentos, tanto em nivel industrial quanto nos servicos de alimentacdo e
residéncias, o a¢o inoxidavel tem sido o material de escolha devido a sua resisténcia
a corrosdo e oxidagdao, por ter uma maior durabilidade, por ser de facil fabricacdo e

também por ter uma maior facilidade no processo de limpeza e desinfec¢éo, quando
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comparado com cobre, aluminio e com a ampla variedade de polimeros (ROSSONI
& GAYLARDE, 2000; HOLA & THORPE, 1990). Os acos inoxidaveis com as
especificacdoes American Iron and Steel Institute (AISI) 304 e AISI 316 sao 0s mais
utilizados na fabricacdo dos mais diversos tipos de equipamentos para a industria de
alimentos (EHEDG, 2007; HOOD & ZOOTOLA, 1997).

A liga de aco inoxidavel 304 € de aco austenitico, com um minimo de 18%
de cromo, de 8% de niquel e até 0,08% de carbono. A liga de a¢o inoxidavel 316 &
também de ago austenitico, com molibdénio até 3% e teor de niquel mais elevado
(10-14%) do que o tipo 304 (MARTINS, MOREIRA & MARTINS, 2014). O que
essencialmente distingue o tipo de aco inoxidavel 316 do tipo 304 é a adicdo de
molibdénio até cerca de 3%. Este componente aumenta a resisténcia a corrosao
desta liga em varios ambientes (salmouras, branqueamento, fluidos biolégicos, etc),
e, em particular, reduz ou inibe a corrosdo localizada induzida por cloretos
(MARTINS, MOREIRA & MARTINS, 2014). Apesar dessa resisténcia quimica, o
maior custo do tipo 316, faz com este aco seja menos utilizado na fabricacdo de
equipamentos para alimentos, tornando o aco inoxidavel tipo 304 o mais utilizado
pelos fabricantes de equipamentos para industria alimenticia (SINDE & CARBALLO,
2000).

Em muitos equipamentos € necessaria a juncdo de pecas de aco
inoxidavel, a qual é realizada através do processo de soldagem. As soldas TIG
(Tungsten Inert Gas) e MIG (Metal Inert Gas) sdo as mais utilizadas nestes casos

(LEWAN, 2014).

A soldagem TIG € um processo no qual a unido de pegas metalicas é

produzida pelo aquecimento e fusdo destas através de um arco elétrico estabelecido
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entre um eletrodo de tungsténio, ndo consumivel, e as pecas a unir (EHEDG, 1993).
Este tipo de solda possui um excelente controle do calor cedido a peca, devido ao
controle independente da fonte de calor e da adicdo de metal de enchimento. E um
processo bastante adequado a soldagem de pecas de pequena espessura com uma
eficiente protecdo contra contaminacdo, permitindo a soldagem de materiais de
dificil soldabilidade, com 6timos resultados. O eletrodo ndo é consumivel, portanto a
soldagem néo adiciona metal de enchimento, sendo a melhor opcéo, se ndo a Unica,
para juncdo de pecas finas. Além disso, ndo existem reacbes metal-gas e metal-
escoria, propiciando uma otima visibilidade para o soldador e uma melhor precisao
na solda (EHEDG, 1993). O elevado custo do gas inerte torna a soldagem TIG mais
cara do que outras soldas, no entanto este processo fornece soldas com alta

qualidade e bom acabamento de superficie.

No processo de soldagem MIG o arco elétrico € aberto entre um arame
alimentado continuamente e o metal de base. A regido fundida € protegida por um
ou mais gases (argbnio, CO,, hélio ou O;), que podem ser inertes (MIG) ou ativos

(MAG) (EHEDG, 1993).

As vantagens desse processo sdo: a facilidade de operacdo, a alta
produtividade, a possibilidade de automatizacdo, baixo custo, ndo formacdo de
escoria, producdo de um corddo de solda relativamente bem acabado e uma
facilidade de execucdo da soldagem. Entretanto, possui diversas limitacdes como a
complexa regulagem do processo, o fato de ndo poder ser executada em presenca
de corrente de ar, a limitada posicéo de soldagem, possibilitando grande porosidade
no corddo de solda, frequente producdo de respingos e dificil manutencédo das

soldas (EHEDG, 1993).
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Conforme Eastwood (1993), soldas de baixa qualidade contribuem muito

com problemas higiénicos, por uma maior retencdo de produtos em suas fendas e
rugosidades, além de dificultar as etapas de limpeza e desinfeccdo. Entretanto,
soldas com bom acabamento podem evitar a formacéo e facilitar a remocéo de

biofilmes nas superficies (TIDE et al, 1999).

Atualmente, ndo existem pesquisas avaliando a influéncia do tipo de solda
na adesédo de microrganismos patogénicos e, portanto, ainda ndo se sabe ao certo
qual tipo de solda é mais adequada para ser utilizada na juncdo de metais que

entrardo em contato com alimentos.

2.4. Controle da adeséao e da formacéao de biofilmes

A principal forma de controle da adesdo microbiana e da formacao de
biofilmes é a utilizacdo de procedimentos de higienizacdo adequados, no entanto as
superficies de processamento de alimentos sdo locais potenciais para a formacao de
biofiimes, até mesmo quando programas de higiene e sanitizacdo sao aplicados
(NORTEMANS, DORMANS, MEAD 1991).

Por isso, diversas pesquisas tem sido realizadas com o objetivo de
encontrar alternativas para reduzir a adesdo, umas destas alternativas tem sido a
modificacdo da superficie dos materiais que entram em contato com alimentos, seja
por meio da incorporacdo de antimicrobianos (THOUVENIN et al, 2003;
GOTTENBOS et al, 2002) ou por modificacdo das propriedades fisico-quimicas

(TRENTIN et al, 2014; PONCIN-EPAILLARD et al, 2013; HUNG et al, 2012).
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Nas duas Ultimas décadas tem-se observado um grande avanco em

técnicas para modificacdo de superficies. Essas técnicas fazem uso de plasmas,
lasers, feixes de ions e feixes de elétrons como fontes energéticas para alteracéo
estrutural e/ou composicional da superficie, ou ainda para a deposi¢cado de filmes
(ALVES Jr., 2001). Os materiais modificados superficialmente sdo aplicados numa
variedade de areas, principalmente na area da medicina e odontologia. Com relagéo
a adesdo microbiana, as alteracOes fisicas sdo voltadas para modificagcbes na
hidrofobicidade das superficies. Neste campo o tratamento de nitretacdo a plasma
tem mostrado ser um método Gtil em muitos materiais, incluindo material organico,
material inorganico e metais, os quais podem ter a superficie modificada, alterando
caracteristicas como molhabilidade, permeabilidade, condutividade, adesédo e

biocompatibilidade (ARAUJO et al, 2007).

2.4.1. Alteracdo de Superficies Utilizando Nitretacéo a
Plasma

O processo de nitretacdo a plasma (ou nitretacdo i6nica) € um tratamento
termoquimico que promove modificacbes na composi¢cdo quimica das superficies
metalicas, alterando varias propriedades fisicas, como dureza, resisténcia ao
desgaste e a corrosao, resultando em um aumento da vida util das pecas tratadas
(ARAUJO et al, 2007). Esse processo consiste na geracdo de uma descarga elétrica
em um gas contendo nitrogénio a baixa pressao, promovendo o bombardeio de ions
e de espécies neutras sobre a superficie metdlica, alterando algumas de suas
propriedades como a energia livre da superficie, rugosidade e hidrofobicidade

(ZHAO et al, 2008). A alteracdo da hidrofobicidade pode influenciar na adesao
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bacteriana, sendo por isso motivo de estudos (PONCIN-EPAILLARD et al, 2013,
HUNG et al, 2012; KIM et al, 2003).

Estes poucos estudos existentes tém demonstrado reducédo no numero de
microrganismos aderidos nas superficies tratadas. Hung et al (2012) observaram
reducdo no numero de Escherichia coli aderidas a superficie de aco inoxidavel AlSI
303 utilizado em materiais médicos e odontologicos, apds nitretacdo a plasma.
Poncin-Epaillard et al (2013) também obtiveram reducdo no numero de células de
bactérias Gram-positivas (L. monocytogenes) e Gram-negativas (Pseudomonas
aeruginosa e Hafnia alvei), aderidas em polipropileno e poliestireno utilizados em
materiais meédicos, apds o tratamento com plasma.

A nitretacdo a plasma apresenta vantagens sobre as demais técnicas de
alteracdo de superficies como um relativo baixo custo, pequeno impacto ambiental e
aplicabilidade em diversos materiais. Este tratamento altera apenas as propriedades
de superficie, mantendo as demais caracteristicas dos materiais (TRENTIN et al,
2014).

Os resultados obtidos pelos recentes e escassos trabalhos realizados
nesta area demonstram a promissora utilizacdo deste tratamento e a necessidade
de mais pesquisas com o0 objetivo de obter mais subsidios que permitam a
implementacdo do tratamento a plasma na fabricacdo de materiais utilizados na
confeccdo de equipamentos meédicos, odontolégicos e também para indlstria de

alimentos.
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3.RESULTADOS

Os resultados deste estudo estdo apresentados sob a forma
de trés artigos cientificos. Cada secédo do capitulo de resultados da presente Tese

corresponde a um desses artigos cientificos.

3.1. “Adhesion of Salmonella Enteritidis and Listeria
monocytogenes on stainless steel welds”

Artigo publicado na International Journal of Food Microbiology.

3.2. Influence of free energy on the attachment of S.
Enteritidis and L. monocytogenes to stainless steels AISI 304 and AlSI
316

Artigo submetido para publicagdo no Journal Food Research.

3.3. Effect of plasma nitriding surface modification of
stainless steels AlISI 316 and 304 on the adhesion of food pathogens

Artigo submetido para publicacdo no periédico Food Biophysics.
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ABSTRACT

Pathogenic microorganisms are able to adhere on equipment surfaces, being
possible to contaminate food during processing. Salmonella spp. and Listeria
monocytogenes are important pathogens that can be transmitted by food, causing
severe foodborne diseases. Most surfaces of the food processing industry are made
of stainless steel joined by welds. However currently, there are few studies
evaluating the influence of the welds in the microorganism’s adhesion. Therefore the
purpose of the present study was to investigate the adhesion of Salmonella
Enteritidis and Listeria monocytogenes on surface of metal inert gas (MIG), and
tungsten inert gas (TIG) welding, as well as to evaluate the cell and surface
hydrophobicity. Results demonstrated that both bacteria adhered to the surface of
welds and stainless steel at same levels. Despite, bacteria and surfaces
demonstrated different levels of hydrophobicity/hydrophilicity, results indicated that
there was no correlation between adhesion to welds and stainless steel and the

hydrophobicity.

1. INTRODUCTION

The adhesion of microorganisms to equipment surfaces has the potential to
transmit pathogens to food, and this is a serious concern to food processing industry
(Giaouris et al., 2005). The surfaces of equipment used in food processing are
recognized as one of the major sources of microbial contamination (Wong, 1998;

Chmielewski and Frank, 2003). Salmonella spp. and Listeria monocytogenes are
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important pathogenic bacteria, which can be transmitted by food. Numerous studies
have shown that these bacteria are capable of adhering and form biofilms on metal,
glass, polyethylene, and rubber surfaces (Bong Jae et al., 2009; Chia et al., 2009;
Malheiros et al., 2010; Tondo et al., 2010; Morita et al., 2011). Most surfaces of the
food processing industry, such as machinery, pipelines, and working surfaces are
made of stainless steel. This material is traditionally selected for food equipment
because it is durable, resistant to corrosion, and it is easily cleaned (Holah and
Thorpe 1990; Shi and Zhu, 2009). Due to their diverse projects and designs, food
equipment frequently present corners and sharp angles, and the stainless steel
plates are often joined by welds. Gas tungsten arc welding (GTAW), also called
tungsten inert gas (TIG), and Gas metal arc welding (GMAW), sometimes referred as
metal inert gas (MIG), are the conventional welding techniques used for food

equipment fabrication and maintenance (Tide et al., 1999; Lewan, 2014).

TIG welding is a process in which the joining of metal parts is produced by
heating and melting of a non-consumable tungsten electrode arc, and the parts to be
joined (EHEDG, 1993). The cost of the inert gas makes TIG welding more expensive
than other stainless steel weldments, but it provides welds with very high quality and

surface finish.

In MIG welding process electric arc is struck between a continuously fed wire
and the metallic surface (EHEDG, 1993). The advantages of this process are: 1)
easy operation, 2) high productivity, 3) the possibility of automation, 4) low cost, 5) no
slag formation, resulting in a weld bead relatively well finished (EHEDG, 1993).
However, there are several limitations in performing MIG welding, such as the needs

of a complex regulation of the weld equipment; it cannot be performed in the
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presence of flowing air, limited welding position, and allowance of extensive porosity
in the weld bead (EHEDG, 1993). Also it produces frequent spills and the welds are
difficult to maintain (O’Brien, 1991; Rao et al., 2011). Welding process commonly
provides greater roughness on stainless steel surfaces welded. Several studies have
reported correlation between surface roughness and bacterial accumulation on
surfaces (Wirtanen and Mattila-Sandholm 1992; Whitehead et al., 2009). However,
other studies have reported a lack of correlation between surface irregularities or
roughness and the number of bacteria attached (Silva et al., 2008; Szlavik et al.,
2012). In order to reduce the roughness caused by welding, stainless surfaces need
to be ground and polished, achieving compliance with industry surface roughness

standards.

Beyond the surface roughness, other factors may influence microorganism
adherence to surfaces, such as surface properties (electric charge and
hydrophobicity), the microorganism characteristics (hydrophobicity, electric charge,
production of extracellular substances), and environmental factors (pH, temperature,
nutrients, etc.) (Hood and Zottola, 1997; Sinde and Carballo, 2000, Araujo et al.,
2009). Currently, there are few studies evaluating the adherence of microorganisms
on welds, and many doubts still exist concerning which is the most suitable weld to
be used in food equipment. Therefore, the purpose of the present study was to
investigate adhesion of S. Enteritidis and L. monocytogenes on the surface of MIG
and TIG welds and also to evaluate the influence of both cells and weld surface

hydrophobicity in the bacterial attachment.
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2. MATERIALS AND METHODS
2.1.Bacterial Strains

In this study, two bacterial strains previously isolated by the Laboratory of
Microbiology and Food Control of Federal University of Rio Grande do Sul (Porto
Alegre, Brazil) were used: S. Enteritidis (SE86) isolated from cabbage involved in a
foodborne outbreak occurred in the State of Rio Grande do Sul (RS), Southern
Brazil, and L. monocytogenes (J11) isolated from a bovine slaughterhouse of the

State of RS, Brazil.

Before each experiment, S. Enteritidis was cultivated in Brain Infusion Broth -
BHI (OXOID, Basingstoke, England) at 37° C for approximately 18 h and the L.
monocytogenes was grown in BHI with 0.6% yeast extract (OXOID, Basingstoke,
England), incubated at 37°C for approximately 30 h, both were diluted to 10° CFU/m
using 0.1% peptone water (OXOID, Basingstoke, England) for artificial contamination

of stainless steel coupons.
2.2.Preparation of coupons

Stainless steel coupons (2cm x 2cm and 0.2cm) joined with MIG or TIG welds
were kindly provided by Sulmaq Equipamentos™ (Sulmaq, Guaporé, Brazil). Welds
were carried out on the transversal central area of each coupon (Figure 1), and 12
coupons joined by MIG weld (6 polished and 6 unpolished) and 12 coupons joined by
TIG weld (6 polished and 6 unpolished) were used. Coupons (n=6) without any weld
were prepared in order to be used as control. The technical characteristics of
coupons are described in Table 1. Prior to bacterial adhesion assays, the coupons

were immersed in a solution of detergent, rinsed with distilled water and sprayed with
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70% ethanol in order to remove grease. Then the coupons were autoclaved at 121°C
for 15 min and dried at 60°C for 2 h (adapted from Rossoni and Gaylarde, 2000). The
coupons were kept in sterile Petri dishes, and remained at room temperature (25 +

1°C) until the time of testing.
2.3.Contamination of coupons and evaluation of bacterial adhesion

The coupons were immersed in 100 ml of BHI broth (Oxoid, Basingstoke, UK)
containing each bacterial culture at a concentration of 10° CFU/mI, kept at room
temperature (25 £ 1°C). Six coupons of each kind of weld were immersed in the
culture of each microorganism during the following times: 0, 1 and 4 h (adapted from
Kusumaningrum et al., 2003). After that, coupons were rinsed with 1 ml of sterile
distilled water to remove the weakly adhered cells. The coupons were subsequently
immersed in 25 ml of 0.1 % peptone water (Oxoid) and immediately treated in
ultrasonic bath - sonicator (Unique Group, Indaiatuba, Brazil), in order to remove
adhered cells (Sinde and Carballo, 2000). Two decimal dilutions of this solution
containing the cells of each treated coupon were prepared (10" and 10%). Then 20 pl
of each dilution were plated on Triptic Soy Agar (TSA, Oxoid) and on TSA added with
0.6 % of yeast extract (Oxoid). Plates of TSA were used to count S. Enteritidis, while
TSA containing 0.6% yeast extract were used to enumerate L. monocytogenes.
Enumerations were carried out by the drop method (Milles and Misra, 1938). TSA
plates were incubated at 37° C for 18 h and 30 h for S. Enteritidis and L.
monocytogenes, respectively. Stainless steel coupons without welding (control) were

submitted to the same procedure described above.
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In parallel with each assay, decimal dilutions were prepared in order to
determine the amount of cells in the suspensions used for immersion of the coupons.
After, 20 pl of these dilution were plated on TSA and TSA with 0.6% of yeast extract
(to S. Enteritidis and L. monocytogenes, respectively by the drop method (Milles and
Misra, 1938) and were incubated at 37°C for 18 h and 30 h for S. Enteritidis and L.

monocytogenes, respectively, and then colonies were enumerated.

The experiments were performed in duplicate and each experiment was

repeated three times.

2.4.Scanning Electron Microscopy

The coupons with adhered cells were fixed with 12 % (v/v) glutaraldehyde
(Merck, Darmstadt, Germany) for 7 days, and washed with 0.2 M phosphate buffer
(pH 7.2+0.2). After, the samples were dehydrated with increasing concentrations of
acetone (Labsynth, Diadema, Brazil) in 30 to 100% with a range of 10 to 20 min.
After drying at room temperature (25 + 1°C), the samples were subjected to critical
point drying in liquid CO, in the equipment Balzers (Balzers Union Ltd, Balzers,
Liechtenstein) then, the samples were coated with gold in Balzers equipment
(Balzers) (Tondo et al., 2010). After coating, the samples were observed in a
scanning electron microscope Jeol 6060 (Jeol Ltd., Tokyo, Japan) at the Electron

Microscopy Center of Federal University of Rio Grande do Sul (Porto Alegre, Brazil).

2.5.Evaluation of Materials hydrophobicity

Contact angle measurements were carried in order to determine the surface

hydrophobicity as described by Van Oss (1995). The surface hydrophobicity is
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determined as the free energy of interaction between molecules (i) immersed in
water (w) and can be expressed as AGiy;

AG = =2y, 1)
Where yg_ is the interfacial tension between the interface of the surface and

water, is given by the following equation:

2 p— -_—
Var = (\" v - *.Jl Vi W) e (\"JT’; ¥e N A Y H Yy ) (2)

To calculate the interfacial tension, contact angle measurements were made
using two polar solvents: water and formamide (Vetec — Sigma Aldrich, Duque de
Caxias, Brazil) and one nonpolar solvent: a-bromonapthalene (Vetec — Sigma
Aldrich, Duque de Caxias, Brazil), according to the recommendations of van Oss
(1995), using a goniometer (Krus DSA30, Hamburg, Germany). The contact angle
measurements were used to determine the Lifshitz-van der Waal compound of the

"W). the electron acceptor parameter of the polar surface tension

surfaces (ys
component (ys*) and the electron donor parameter of the polar surface tension

component ys'.

(1+cosb)y, =2( S e S oS R ) (3)

The surface tension parameters for the apolar and polar liquids used in the
calculations are given in Table 2. The interfacial tension was calculated using the
surface tension parameters for the surface and the polar and apolar solvents using
the following equation:

YL = YjLW + Yf (4)

LLW

Where ys is the apolar Lifshitz-van der Waal compound of the surface and

LAB

the liquid and ys is the Lewis acid base compound of the surface and the liquid.
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The Lifshitz-van der Waal compound and the Lewis acid base compound were

calculated using the surface tension parameters calculated by Eq.(3) and are given in
Table 2.

The surface hydrophobicity was calculated based on four experimental

measurements giving a total of eight contact angle estimates (left and right angle of

the droplet) and presented as the mean + standard deviation for each measured

value.

2.6.Evaluation of cell hydrophobicity

To measure the contact angles of the cell surface the measurements on a
layer of vegetative cells using the drops method described by Busscher et al. (1984)
were performed. First, cells were cultivated in BHI (Oxoid) broth and BHI broth with
0.6% of yeast extract (Oxoid) to cells of S. Enteritidis and L. monocytogenes,
respectively, in order to obtain a suspension of 30 ml of each culture with
approximately 10® CFU/ml. Subsequently, the suspension was centrifuged at 12,000
g for 10 min and then washed three times in phosphate buffered saline (PBS). The
cell pellet was re-suspended in the same buffer being deposited on a filter membrane
of cellulose acetate with pore size of 0.45 um (Sartorius, Goettingen, Germany) by

filtration using negative pressure.

The membranes were placed in a Petri dish containing agar-agar Type |
(Himedia Laboratories, Mumbai, India) and glycerol (CAQ — Casa da Quimica,
Diadema, Brazil), where were kept to dry for 1 h at room temperature (25 £ 1°C).
Immediately, membranes were cut into three strips with 1 cm and then 5.0 ul drops of

each solution (water, formamide and a-bromonaphthalene) and placed on the
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bacteria layer (Busscher et al., 1984; Araujo et al., 2009). Measures of four drops on
each surface were performed using a goniometer (Krus DSA30, Hamburg, Germany)
and the average of these measurements was considered as a result. The calculation
of the interfacial tension was performed as described above, for evaluation of

materials hydrophobicity.
2.7. Statistical analysis

For statistical evaluation of the data obtained in adhesion tests (CFU/mL and
CFU/cm? to cells in suspension and adhered cells, respectively), values were
converted to log;o colony-forming units. In all cases duplicate samples were used and
the experiment repeated at least three times. Analysis of variance was performed
using the GLM (general linear model), with the SPSS software version 18.0. The
Turkey’s Test was used to compare the averages and a P<0.05 was considered

statistically significant.

3. RESULTS

The adhesion of Salmonella Enteritidis on MIG and TIG welds is illustrated in
Figure 2. It can be observed that adhesion occurred in both surfaces and the cells
tend to form clusters.

The results presented in Figure 3 demonstrate that there are no significant
differences between the two types of welding (MIG and TIG) for adhesion of S.
Enteritidis (SE86) and L. monocytogenes (J11). Also, no significant differences
between the polished and unpolished welds were observed for S. Enteritidis (SE86)

and L. monocytogenes (J11) adhesion.
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In addition, no significant differences were observed in adherence of S.
Enteritidis (SE86) and L. monocytogenes (J11) on the welded surfaces (MIG and
TIG) and not welded surfaces used as controls (stainless steel without welds).
Results also revealed that S. Enteritidis (SE86) initially adhered (time 0) significantly
more than L. monocytogenes (J11) on all materials, and there is significant difference
(P<0.05) between contact times for all welds.

The hydrophobicity (AGiwi) of the investigated surfaces was determined based
on contact angle measurements (Table 3). Surfaces are considered hydrophobic
when AGiwi < 0, and hydrophilic when AGiwi > 0 (van Oss, 1995). Further, when the
water contact angle is < 50° the surface is considered hydrophilic, whereas the
surface is considered hydrophobic when the angle is > 50° (van Oss and Giese,
1995). According to the data presented in Table 3, only the bacteria had a water
contact angle < 50° and a positive AGiwi value and thus present hydrophilic
characteristics. Values obtained for bacteria were significantly different from the weld

surfaces (P<0.05), which are all hydrophobic.

4. DISCUSSION

The results of this work show that Salmonella Enteritidis is able to adhere to
stainless steel surface and welds at a rate of about 3 log:o CFU/cm?, considering an
initial artificial contamination of 5 logio. These results are in agreement with findings
by Bae et al., 2012 and Chia et al., 2009, who had demonstrated the same adhesion
rate of Salmonella Typhimurium and Listeria monocytogenes to stainless steel.

L. monocytogenes J11 also adhered to stainless steel and welds, but at initial

rates significantly lower than S. Enteritidis SE86. Similar results were found by
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Stepanovic et al. (2004), evaluating biofilm formation by Listeria monocytogenes and
Salmonella spp. on plastic surfaces. The number of attached L. monocytogenes
ranged between 10? and 10° CFU/cm® Same levels of adherence of L.
monocytogenes to glass surfaces were observed by Chae and Schraft (2000).

Results of the present study also revealed that there is significant difference
(P<0.05) between adhesion on different contact times for all welds, and that S.
Enteritidis SE86 demonstrated the largest numbers of adhered cells after 1 h of
contact with the surfaces. L. monocytogenes had demonstrated the same levels of
adherence only after 4 h. The higher adhesion levels showed by Salmonella spp.
than that by L. monocytogenes could be explained by the superiority of Gram-
negative bacteria to form biofilm on inert surfaces (Sommer et al., 1999;
Pompermayer and Gaylarde, 2000).

Unlike to expectations, results shown in this work demonstrated that there
were no significant differences in adhesion levels between the two types of welding
(MIG and TIG) for S. Enteritidis (SE86) and L. monocytogenes (J11). These results
were observed despite the very distinctive appearance of MIG and TIG welds. TIG
welds present a surface with a distinct undercut, maintaining an acceptable surface
roughness, whereas MIG welds had a surface lifted and very poor surface finish.
Moreover, polished welds exhibited surfaces with smooth profile and unpolished
welds had irregular surfaces.

The MIG and TIG welds also exhibit significant differences in the values of
roughness (Table 1) between the polished and unpolished surfaces, and both
showed mean surface roughness values higher than 1.0 maximum Ra value defined

by New Zealand's Code of Practice for Dairy Food Manufacturing (New Zealand
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Dairy Industry Manual, 1995) and 0.8 Ra maximum values defined by the Dairy
German Standard — DIN 11480 (DIN, 1978).

Our results showed no relation between bacteria adhesion and the Ra values.
Flint (1996) also found no correlation between surface roughness, the presence or
absence of welds, and the attachment of a heat-resistant Streptococcus responsible
for spoilage problems in dairy manufacturing plants. The lack of correlation between
surface roughness and adhesion of Listeria monocytogenes in different weld
surfaces was also described by Tide et al. (1999).

In one of the few studies concerning bacterial colonization on welded material,
Walsh et al. (1993) have presented evidences that initial bacterial attachment was
random, but that colonies formed more frequently and developed more rapidly at the
attached zones than on parent metal surfaces. Based on these independent
observations, welds have been proposed to be sites for preferential bacterial
accumulation and entrapment (Notermans et al., 1991). However, the present study
demonstrated no significant differences in adherence levels between the welded
surfaces (MIG and TIG) and not welded surfaces (stainless steel without welds) to S.
Enteritidis (SE86) and L. monocytogenes (J11). Similar results were observed by
Tide et al. (1999), when assessing the adhesion of L. monocytogenes to welded and
not welded surfaces and observed no significant differences between the density of
bacterial cells associated with the weld and adjacent parent metal surface. The same
authors have also demonstrated that L. monocytogenes and the 3-species
consortium composed by bacteria recovered from stainless steel weldments in a
seafood processing plant, colonized the unpolished surface of different welds and the

parent metal (stainless steel without weld), even when these welds had scratches
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and pits (Tide et al., 1999). Similar behavior was observed in our study through the
images of scanning electron microscopy (Figure 2), where it was observed that the
bacteria adhered similarly in all areas of the coupons.

When the cell and materials surface hydrophobicity were investigated, we
observed that the bacteria were hydrophilic and all surfaces were hydrophobic.
Despite the different levels of hydrophobicity/hydrophilicity there was no relation
between adhesion and the surface hydrophobicity. This is in agreement with the
results of Silva et al. (2008) and Mafu et al. (1990), carried out under static
conditions, and also with Slavick et al. (2012), which was accomplished under liquid

flow conditions.

4.1. Conclusions

Our results demonstrated that both bacteria adhered to the surface of welds
and stainless steel at same levels and demonstrated the similar patterns during four
hours of contact. Further, the type of welding, its polishing and roughness did not
influence on the bacterial adhesion. The hydrophobicity of cells and materials did not
demonstrate a positive relation with the bacterial adherence, indicating that the
adhesion process is likely to involve other physicochemical and/or biological factors

not investigated by the present study.
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Table 1: Materials used in the assays and their characteristics.

Welding Type/ Sample Treatment Roughness
Identification (Ra)*
MIG 07 unpolished 4.72
MIG 13 polished 1.69
TIG 21 unpolished 4.92
TIG 31 polished 1.72

*Roughness (Ra) was determined by the welds supplier, using roughness tester.

Table 2: Surface tension parameters for polar and apolar liquids used to calculate the
physiochemical parameters (in mJm-2) (van Oss et al., 1990).

Liquid T - ' YL
Water 72.8 21.8 25.5 25.5
Formamide 58 39 2.28 39.6

a-Bromonapthalene 44.4 44.4 0 0
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Table 3: Water contact angle (in degrees) of the cells and surfaces with their respective
hydrophobicity parameters (AGy).

Water AG
Surface contact v Ys' Ys M) ‘l‘%i_z)
angle :
L. monocytogenes 27.8+2 42.12+1.6 0.44+0.2 47.80+3.6 26.04+£3.2
S. Enteritidis 23.4+3 41.97+2.0 0.71+0.1 48.78+3.8 25.98+3.1
MIG Weld unpolished 71.5%3 39.04+0.5 0.08+0 11.67+2.2 -36.03+4.2
MIG Weld polished 65.4+5 41.44+0.7 1.48+0.5 9.22+2.1 -37.09+£3.9
TIG Weld unpolished 49.9+6 42.27+1.3 1.02+0.3 23.29+3.1 -10.31+1.0
TIG Weld polished 75.6x3 40.27+1.1 0.31+0.1 6.60£1.0 -50.12+7.8

Figure 1: Schematic drawing of weld coupon.

Stainless Steel
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Figure 2: Representative scanning electron micrographs, showing the adherence of
S. Enteritidis (SE 86) on MIG polish welds (A, B and C) and on TIG unpolished welds
(D, E and F), after 1 h of contact.
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Figure 3. Salmonella Enteritidis and Listeria monocytogenes adhesion to stainless steel
without welding (m) and welds: unpolished MIG welds (A), polished MIG welds (A)
unpolished TIG welds (e) and polished TIG welds (o) after 0, 1 and 4 h of contact.
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ABSTRACT

The quality of products produced by food industries is threatened when bacteria
attached to and grow on stainless steel used in food equipments. The adhesion of
bacteria to the surface is the first stage in this process and can enable subsequent
microbial proliferation and release. Stainless steels AISI (American Iron and Steel
Institute) 304 and AISI 316 are the most used in the manufacture of various types of
equipment for the food industry. The purpose of the present study was to investigate
the attachment of a Gram-negative (Salmonella Enteritidis) and a Gram-prositive
(Listeria monocytogenes) food pathogens on this stainless steels, and also to
evaluate the influence of the material topography and the hydrophobicity of the
material surfaces and cells in the attachment process. Moreover, this study also
aimed to evaluate the free energy of interaction between cells and surfaces. The
topography was evaluated using Atomic Force Microscopy (AFM), while
hydrophobicity and free energy of interaction was determined by measuring of the
contact angle, using the Thermodynamic Theory. Results demonstrated that both
bacteria were able to adhere on stainless steels AISI 304 and AISI 316. At the
beginning of contact time between cells and surfaces, higher numbers of cells of S.
Enteritidis adhered to the surfaces, and the adhesion of this microorganism was
thermodynamically more favorable than the adhesion of L. monocytogenes to both
stainless steels. A similar patterns of adhesion was observed for both stainless steels
with respect to the number of adhered cells, however the stainless steel AISI 316 had
more negative total energy of adhesion for both bacteria. Moreover the surfaces
roughness and hydrophobicity of cells and materials did not demonstrate a positive

correlation with the bacterial adherence.
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Key words: stainless steel, bacterial adhesion, Listeria monocytogenes, Salmonella
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1. INTRODUCTION

Contamination of food by microorganisms during processing is of great concern to
the food industry because of their potential to spread disease and induce spoilage. A
common route of food contamination, for pathogenic bacteria is through contact of
the product being processed with contaminated processing equipment (Sasahara &
Zottola, 1993). Numerous studies have shown differences between adherence
patterns of Gram-negative and Gram-positive bacteria (Pompermayer & Gaylarde,
2000; Sommer et al.,, 1999). S. Enteritidis is an important Gram-negative food
pathogen, responsible for thousands of outbreaks worldwide (European Food Safety
Authority (EFSA), 2010). Moreover L. monocytogenes has been recognized as major
Gram-positive foodborne pathogens worldwide in recent years, and its ability to
forming biofilms on food surfaces is well recognized (Pan, Breidt & Gorski, 2010;
Gandhi & Chikindas, 2007; Wilks, Michels & Keevil, 2006). Several studies have
shown that these bacteria are capable of adhering and form biofilms on stainless
steel, glass, polyethylene and rubber surfaces (Bong Jae, Travis & Nehal, 2009; Chia
et al., 2009; Malheiros et al., 2010; Tondo et al., 2010; Morita et al., 2011). Many
equipment surfaces of the food processing industry are made of stainless steel. This
material has been traditionally chosen because it is durable, resistant to corrosion,
and it is easily cleaned (Holah & Thorpe 1990; Shi & Zhu, 2009). Stainless Steel AlSI
(American Iron and Steel Institute) 304 and AISI 316 are the most used stainless
steel types in the manufacture of various equipment for the food industry (EHEDG,

2007; Hood & Zootola, 1997). The alloy AISI 304 is austenitic steel with a minimum
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of 18% chromium, 8% nickel and up to 0.08% carbon, and the alloy AISI 316 is also
austenitic steel, with molybdenum up to 3% and higher nickel content (10-14%) of
type 304 (Martins, Moreira & Martins, 2014). What essentially distinguishes the type
316 from the type 304 is the addition of molybdenum up to about 3%. The
molybdenum increases the corrosion resistance of this alloy in various environments
(brines, bleaching, biofluids, etc.), and, in particular, reduces or inhibits the pitting
corrosion induced by the chlorides (Martins, Moreira & Martins, 2014). Despite this
chemical resistance, the higher cost of type AISI 316, makes this steel less used in
the manufacturing of equipment for food, so the type AISI 304 stainless steel has

been the most widely used by manufacturers of equipment for food industry.

The adhesion of bacteria to the surface equipment is particularly affected by
the physicochemical characteristics of the microorganisms and the materials surface
involved (Teixeira et al., 2005). When bacteria approach a surface they must
overcome an energy barrier to establish direct contact with the surface. The repulsive
or attractive forces consist of Lifshifz—van der Waals attractive forces, electrostatic
repulsive forces and acid base forces. As an oversimplified rule of thumb, primary
adhesion between bacteria and abiotic surfaces is generally mediated by nonspecific
interactions (Dunne, 2002). Only when the cell and surfaces are in close proximity
the short-range interactions become significant (including hydrogen bonding as well
as hydrophobic interactions). The theoretical approaches for describing these
interactions usually involve DLVO (Derjaguin, Landau, Verwey and Overbeek) or
XDLVO (Extended DLVO) (van Oss, 2003; van Oss, Chaudhury & Good, 1988). This
theories has been applied in investigations of bacterial adhesion on surfaces, in

controlled environments, by taking into account the surface contact angle, roughness
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and surface charge, as well as the bacteria cell wall properties (Szlavik et al., 2012,

Subramani & Hoek, 2008; Teixeira et al., 2005, Sinde & Carballo, 2000).

Therefore, the purpose of the present study was to investigate the influence of free
energy on the attachment of S. Enteritidis and L. monocytogenes to stainless steels

AISI 304 and AISI 316.

2. MATERIALS AND METHODS
2.1Bacterial Strains

In this study, two bacterial strains previously isolated by the Laboratory of
Food Microbiology and Food Control of Federal University of Rio Grande do Sul
(Porto Alegre, Brazil) were used: S. Enteritidis (SE86) isolated from a cabbage
involved in a foodborne outbreak occurred in the State of Rio Grande do Sul (RS),
Southern Brazil, and L. monocytogenes (J11) isolated from a bovine slaughterhouse

located at the same State.

Before each experiment, S. Enteritidis was cultivated in Brain Infusion Broth -
BHI (OXOID, Basingstoke, England) at 37° C for approximately 18 h and L.
monocytogenes was grown in BHI supplemented with 0.6% yeast extract (OXOID,
Basingstoke, England), incubated at 37°C for approximately 30 h. After cultivation,
both microorganisms were diluted to 10° CFU/ml using 0.1% peptone water (OXOID,

Basingstoke, England) for artificial contamination of stainless steel coupons.

2.2Preparation of coupons
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Stainless steel AISI 304 and AISI 316 mechanically brushed polished, also known as
number 4 finish were kindly provided by Metalurgica Ralf Winter™ (Ralf Winter,
Alvorada, Brazil). Prior to bacterial adhesion assays, stainless steel were cut into
coupons with dimensions of 2cm x 2cm and 0.2cm and immersed in a solution of
neutral detergent, rinsed with distilled water and immersed in 70% (v/v) ethylic
alcohol in order to remove grease. Then the coupons were autoclaved at 121°C for
15 min and dried at 60°C for 2 h (adapted from Rossoni & Gaylarde, 2000). The
coupons were kept inside sterile Petri dishes and remained at room temperature (25

+ 1°C) until the time of testing.
2.3Contamination of coupons and evaluation of bacterial adhesion

The coupons were immersed in 100 ml of BHI broth (Oxoid, Basingstoke, UK)
containing each bacterial culture at a concentration of 10° CFU/mI, kept at room
temperature (25 £ 1°C). Six coupons of each kind of stainless steel were immersed in
the culture of each microorganism during the following times: 0, 1, 2, 4, 6 and 8 h
(adapted from Kusumaningrum et al., 2003). After that, coupons were rinsed with 1
ml of sterile distilled water in order to remove weakly adhered cells. The coupons
were subsequently immersed in 25 ml of 0.1 % peptone water (Oxoid) and
immediately treated with ultrasonic bath - sonicator (Unique Group, Indaiatuba,
Brazil), aiming to remove adhered cells (Sinde & Carballo, 2000). Two decimal
dilutions of this solution containing the cells of each treated coupon were prepared
(10 and 10). Then 20 pl of each dilution were plated on Triptic Soy Agar (TSA,
Oxoid) and on TSA added with 0.6 % of yeast extract (Oxoid). Plates of TSA were
used to count S. Enteritidis, while TSA containing 0.6% yeast extract were used to

count L. monocytogenes. Enumerations were carried out by the drop method (Milles
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& Misra, 1938). TSA plates were incubated at 37° C, for 18 h, and 30 h for S.

Enteritidis and L. monocytogenes cultivation, respectively.

In parallel with each assay, decimal dilutions were prepared in order to
determine the amount of cells in the suspensions used for immersion of the coupons.
After, 20 pl of these dilution were plated on TSA and on 0.6% yeast extract TSA (for
S. Enteritidis and L. monocytogenes enumaration, respectively) by the drop method
(Milles & Misra, 1938) and were incubated at 37°C, for 18 h, and 30 h for S.
Enteritidis and L. monocytogenes cultivation, respectively, and then colonies were

enumerated.

The experiments were performed in duplicate and each experiment was

repeated three times.

2.4Scanning Electron Microscopy

The coupons with adhered cells were fixed with 12 % (v/v) glutaraldehyde
(Merck, Darmstadt, Germany) for 7 days, and washed with 0.2 M phosphate buffer
(pH 7.2+0.2). After, the samples were dehydrated with increasing concentrations of
acetone (Labsynth, Diadema, Brazil) of 30 to 100% with a range of 10 to 20 min.
After drying at room temperature (25 + 1°C), the samples were subjected to critical
point drying in liquid CO, and were coated with gold in the Balzers equipment
(Balzers Union Ltd, Balzers, Liechtenstein) (Tondo et al., 2010). After coating, the
samples were observed in a scanning electron microscope Jeol 6060 (Jeol Ltd.,
Tokyo, Japan) at the Electron Microscopy Center of Federal University of Rio Grande

do Sul (Porto Alegre, Brazil).
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2.5Hydrophobicity and free energy of adhesion

Bacterial hydrophobicity was measured by the contact angle method as described by
Busscher et al. (1984). Bacteria suspensions (10° CFU/mI) were washed three times
with phosphate buffered saline solution (PBS) was filtered on 0.45mm pore diameter
filters (Sartorius, Goettingen, Germany). Filters with bacteria were maintained for 1
hour in Petri dishes containing 1% (w/v) agar-agar Type | (Himedia Laboratories,
Mumbai, India) with 10% (v/v) glycerol (CAQ — Casa da Quimica, Diadema, Brazil) to
establish constant moisture content. Filters were then transferred to microscope
glass slides. Five-microliters drops of two polar solvents: water and formamide
(Vetec — Sigma Aldrich, Duque de Caxias, Brazil) and one nonpolar solvent: o-
bromonapthalene (Vetec — Sigma Aldrich, Duque de Caxias, Brazil) were deposited
on bacterial layer, using a goniometer (Krus DSA30, Hamburg, Germany), according

to the recommendations of van Oss (1995).

Hydrophobicity of the materials was estimated by the same technique, using
the measurement of the contact angle formed by the three solvents with different
polarities on the surface of stainless steels. Measures of four drops on each surface
or bacteria were performed and the average of these measurements was considered

as a result.

Bacteria and material surfaces free energies (AGi,) Wwere obtained by
calculating the surface tension components of the material (cells or stainless steel),
which was obtained from the contact angle of the three liquids, using the tables
reported by van Oss et al. (1990), according to the following equation (van Oss,

1995):
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(L+cosf)y " = 2( y ey s ) (1)

TOT _ LW +
Where, 0is the contactangle,” =7 F2Y7” 7 andy™ is the Lifshitz—van
der Waals component of the surface free energy and y* and y are the electron

acceptor and electron donor parameters, respectively.

According to the Thermodynamical analysis reported by Teixeira et al. (2005),

when studying the interaction between substances 1 and 2 that are immersed or

dissolved in water (w), the total interaction energy AG,., ; can be expressed as:

AGLY =75 = Vi —Vow +W(JE+JE—M)+M(\/E+\/E—M)—WM —\/VM*J 2)

In this case, 1 represents the support material (stainless steel) and 2 the bacteria.

Thermodynamically, if AG.o, <0 adhesion is favorable, on the contrary, adhesion is

not expected to occur if AG.S, >0 (Teixeira et al., 2005).

2.6 Analysis of stainless steel topography using atomic force microscopy

Surfaces topography of stainless steels was evaluated using atomic force
microscope (AFM). First, each sample was cleaned as described in the previous
section (2.2), and coupons were stored inside a desiccator until analyses. Coupons
were then observed on a NT-MDT Ntegra Prima atomic force microscope (NT-
MDT™, Moscow, Russia) at the Institute of Physics of Federal University of Vigosa,
Vicosa/MG, Brazil. AFM microscope operated at intermittent contact mode. Data
were obtained by scanning the samples with silicon nitride cantilever (NanoWorld™,

Neuchatel, Switzerland) with a spring constant 12 N/m in air and speed of 1 to 3 Hz.
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The scanning probe image processor (NT-MDT™, Moscow, Russia) Software was

used for the roughness analysis.
2.7 Atomic Force Microscopy images

The coupons with adhered cells were observed on a NT-MDT Ntegra Prima atomic
force microscope (NT-MDT™, Moscow, Russia) operating at intermittent contact
mode. Data were obtained by scanning the samples with silicon nitride cantilever
(NanoWorld™, Neuchatel, Switzerland) with a spring constant 12 N/m in air and
speed of 1 to 3 Hz. The scanning probe image processor (NT-MDT™, Moscow,
Russia) Software was used to observe the topography of the stainless steel with the

adhered bacteria.
2.8 Statistical analyses

For statistical evaluation of the data obtained in adhesion tests (CFU/mL and
CFU/cm? to cells in suspension and adhered cells, respectively), values were
converted to logip colony-forming units. In all cases duplicate samples were used and

the experiment repeated at least three times.

To analyze the data obtained in adhesion tests and the values of contact
angles, free energy and adhesion energy, analyses of variance were performed
using the GLM (general linear model), with the SPSS software version 18.0. The
Turkey’s Test was used to compare the averages and a P<0.05 was considered

statistically significant.
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3. RESULTS AND DISCUSSION

The results of this study showed that S. Enteritidis SE86 was able to adhere to
both stainless steel surfaces with numbers of cells of approximately 2.55 logio
CFU/cm? (at time 0). These results are in agreement with findings of Bae et al. (2012)
and Chia et al. (2009), who had demonstrated the same adhesion rate of Salmonella
Typhimurium and Listeria monocytogenes to stainless steel AISI 304.

Lower numbers of adhered cells were observed for L. monocytogenes (J11) at
time 0 (1.68 logio CFU/cm?). Similar results were found by Stepanovic et al. (2004),
evaluating biofilm formation by L. monocytogenes and Salmonella spp. on plastic
surfaces. The number of attached L. monocytogenes (J11) ranged between 1.68
logio CFU/cm? in the initial time and 3.6 log;o CFU/cm?, after 8 hours of contact time.
Same levels of adherence of L. monocytogenes to glass surfaces were observed by
Chae and Schraft (2000).

Results of the present study revealed that S. Enteritidis (SE86) at time 0
adhered significantly more than L. monocytogenes (J11) on both stainless steels,
and the number of adhered cells increased significantly until 8 hours of contact
(Figure 1). However, after 8 hour of contact, both microorganisms reached similar
counts.

The higher adhesion levels showed by Salmonella spp. than that by L.
monocytogenes (at time 0) could be explained by the superiority of Gram-negative
bacteria to form biofilm on inert surfaces (Pompermayer and Gaylarde, 2000;
Sommer et al., 1999).

Figure 2 and Figure 3 illustrated the adhesion of S. Enteritidis (SE86) and L.

monocytogenes (J11) on AISI 304 and AISI 316 stainless steels surfaces. According
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to these figures it is possible to observe that cells are randomly attached on the
surfaces, i.e. they are not always in the grooves of stainless steel surfaces. This
observation corroborates with the results obtained by other authors, which showed
no correlation between surface roughness and microbial adhesion (Chia et al., 2009;
Tide et al, 1999; Flint 1996). Nevertheless other authors have reported that adhesion
is favored when the roughness has values similar to the cell size (0.9-1.0 pum), which
can cause a cell entrapment in the surfaces grooves (Flint et al., 2000; Shlisselberg
& Yaron, 2013).

The results presented in Figure 4 showed the topography of stainless steels
and their respective roughness (Ra), demonstrating that stainless steel 304 has a
Ra= 0.032um and 316 Ra= 0.021um, which are not significantly different (P<0.05).
These values are lower than the recommended 1.0 pym maximum Ra value defined
by the New Zealand's Code of Practice for Dairy Food Manufacturing (New Zealand
Dairy Industry Manual, 1995) and the 0.8 um Ra maximum values defined by the
Dairy German Standard (DIN 11480, 1978). Further, the roughnesses are also lower
than the cells sizes. Other authors found higher roughness values for stainless steels
316 and 304 (Julien et al., 2002; Chia et al., 2009), which may be due to different
types of polishing used.

Results showed in this work demonstrated that there were no significant
differences in adhesion levels between both bacteria and the two types of stainless.
However, Flint et al. (2000) observed larger number of adhered Streptococcus
thermophilus and Streptococcus waiu on AlSI 316 stainless steel than on AISI 304.
These authors attributed the difference to the chemical composition of stainless

steels, mainly to the presence of molybdenum.
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The hydrophobicity (AGiy) of the investigated surfaces was determined based
on the contact angle measurements (Table 1). Surfaces are considered hydrophobic
when AG;,; < 0, and hydrophilic when AG;,; > 0 (van Oss, 1995). Further, when the
water contact angle is < 50° the surface is considered hydrophilic, whereas the
surface is considered hydrophobic when the angle is > 50° (van Oss and Giese,
1995). According to the data presented in Table 1, both bacteria had a water contact
angle < 50° and a positive AGj,; value and thus presented hydrophilic characteristics.
Values obtained for bacteria were significantly different from the stainless steels
surfaces (P<0.05), which were classified as hydrophobic surfaces. Therefore,
according to our results, both bacteria were hydrophilic and stainless steels were
hydrophobic. Despite of the different levels of hydrophobicity/hydrophilicity, there was
no correlation between adhesion and the surface hydrophobicity. This is in
agreement with the results of Silva et al. (2008) and Mafu et al. (1990), which carried
out the adhesion under static conditions, and also with Szlavik et al. (2012), which
was accomplished under liquid flow conditions.
Aiming to predict the ability of the microorganisms to adhere on surfaces, the
free energy of interaction between the bacteria and the stainless steel, when
immersed in water, was calculated (Table 2). For both bacteria, adhesion was

thermodynamically favorable to both stainless steels surfaces studied, since the total

free energy of adhesion was negative (AG,°) < 0).

The total free energy of adhesion between the bacteria and the surfaces when
immersed in water, was more negative for the stainless steel AISI 316 (P<0.05),
which also showed higher contact angle and free energy more negative than AlSI

304 (P<0.05). Teixeira et al. (2005) evaluating the adhesion of Pseudomonas
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aeruginosa, Lactobacillus lactis, Staphylococcus sciuri and Enterococcus faecalis on
surfaces of stainless steel 316, stainless steel 304, glass and
polymethylmethacrylate also observed negative energies on stainless steel 316
surfaces. However, our results of quantification of adhered microorganisms showed
no significant difference between the two types of stainless steels. These results
mean that although the thermodynamics aspects are fundamental for the initial
adhesion, other factors are related to microbial adhesion and also it is possible that
the difference between the numbers of adhered cells is so small that it was not

possible to detect with the method used in this study.

On the other hand, S. Enteritidis (SE 86) showed total free energy of adhesion
more negative (P<0.05) than L. monocytogenes in both stainless steels, showing that
adhesion of these bacteria is thermodynamically more favorable for both stainless
steels tested, which was also confirmed by our results obtained in quantification test
(Figure 1). However, Sinde & Carbalo (2000) showed that Listeria monocytogenes
adhered to stainless steel 304 at higher numbers than Salmonella spp., although
they not observed difference between the total energies of adhesion of the two

bacteria.

Results of present study demonstrated that both bacteria were able to adhere
to the surfaces of stainless steels AISI 304 and AISI 316, being that, initially, S.
Enteritidis (SE 86) adhered more than L. monocytogenes. However, after of 8 hours
of contact similar numbers of attached cells were observed for both microorganisms.
The greater number of attached cells at the initial time seems more important, since
the time period between cleanings normally used in food companies usually does not

reach 8 hours. Thus, S. Enteritidis could form biofilm more easily than L.
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monocytogenes, and contaminate foods. Further S. Enteritidis also revealed more
negative total energy of adhesion than L. monocytogenes. It means that the adhesion
of this bacterium was thermodynamically more favorable than the adhesion of L.
monocytogenes to both stainless steels. This may contribute to S. enteritidis remains
an important food pathogen. A similar patterns was observed for both stainless steels
with respect to the number of adhered cells, however the stainless steel AlSI 316 had
more negative total energy of adhesion for both bacteria. Moreover the surfaces
roughness and hydrophobicity of cells and materials did not demonstrate a positive
correlation with the bacterial adherence, indicating that, although the
thermodynamics aspects are fundamental for the initial adhesion, other factors are

related to microbial adhesion.
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Figure 1. Representative scanning electron micrographs, showing the adherence of L.
monocytogenes: on AISI 304 after 8 h of contact (A), on AISI 304 after 1 h (B) and S.
Enteritidis (SE 86): on AISI 304 after 1 h (C), on AISI 316 after 8h (D, E) and on AISI 316
after 1h (F).
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Figure 2. Salmonella Enteritidis (SE86) and Listeria monocytogenes (J11) adhesion to
stainless steel AISI 304 (m) and AISI 316 (A) after 0, 1, 2, 4, 6 and 8 h of contact.
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Figure 3. AFM images of L. monocytogenes (J11) adhered on stainless steels AISI 304
(A,B) and 316 (C,D), and S. Enteritidis (SE 86) adhered on stainless steels AISI 304 (E,F)
and AlSI 316 (G,H).

Figure 4: AFM images (2D and 3D) of stainless steels AISI 304 (A, B) and AISI 316 (C, D)
and their respective roughness (Ra).



Table 1: Water contact angle (in degrees) of the cells and surfaces with their respective
hydrophobicity parameters (AGy).

Water AG
Surface contact v v Y o im_z)
angle :

L. monocytogenes 27.8+2 42.12+1.6 0.44+0.2 47.80+3.6 26.04+3.2

S. Enteritidis 23.443 41.97+2.0 0.71+0.1 48.78+3.8 25.9843.1
AISI 304 51.7+7 39.78+1.5 0.62+0.1 25.61+2.5 -5.18+2.4
AISI 316 54.7+3 39.69+0.9 0.83£0.3 21.44+1.5 -12.25+2.1

Table 2: Free energy of adhesion (AGlTV‘V)ZT) between the bacteria and stainless steels (AISI
304 and AISI 316) surfaces.

Bacteria AGY]

AISI 304 stainless steel AlSI 316 stainless steel

L. monocytogenes - 65,23 - 65,83

S. Enteritidis - 66,03 - 69,28
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ABSTRACT

Several studies have demonstrated that food pathogens like Salmonella spp. and
Listeria monocytogenes have the ability to attach to surfaces commonly found in the
food processing environment increasing the risk of foodborne diseases. Attachment
of cells to food processing surfaces may be the first step in the formation of biofilms.
The development of new strategies to reduce the bacterial contamination of these
surfaces and then ensuring their hygienic status remains a fundamental challenge.
Among the possible strategies, the plasma nitriding treatment has been used for
surface modification of biomedical materials in last years. Many materials, including
organic material, inorganic material, and metals could be readily surface-modified by
plasma. The objective of this study is to evaluate the effect of plasma nitriding
surface modification of stainless steels AISI 316 and AISI 304 on the adhesion of
Salmonella Enteritidis and Listeria monocytogenes. Results showed that plasma
nitriding treatment be made hydrophilic the surface of the stainless steels and was
able to decrease the number of attached cells compared to untreated stainless
steels. The reduction ranged was from 20 % to 37.5 % for L. monocytogenes and
from 31.7 % to 65.8 % for S. Enteritidis. Thus, plasma treatment is a promising
technique for surface modification for the reduction of adherence of S. Enteritidis e L.

monocytogenes, on metal surfaces that come in contact with food.

1. INTRODUTION

Foodborne iliness is a serious health problem worldwide (Schlisselberg & Yaron,
2013). The surfaces of equipment used for storage or processing are recognized as

a major source of microbial contamination (Wong, 1998). Several studies have
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demonstrated that food pathogens like Salmonella spp. and Listeria monocytogenes
have the ability to attach to surfaces commonly found in the food processing
environment, such as polyethylene, glass, rubber, and stainless steel (Bong Jae,
Travis & Nehal, 2009; Chia et al., 2009; Malheiros et al., 2010; Morita et al., 2011,
Tondo et al.,, 2010), increasing the risk of foodborne diseases. Actually, the
inadequate cleaning and disinfection of food equipment have been identified as one
of the major cause of foodborne illnesses. The stainless steels AISI (American Iron
and Steel Institute) 304 and AISI 316 are the most used materials in the manufacture
of various types of equipment for the food industry.

Attachment of cells to processing surfaces may be the first step in the formation
of biofilms (Lewis, 2001; Steenackers et al., 2012). Biofilms, in the food industry
create a persistent source of microorganisms, leading to serious hygienic and safety
problems and also to economic losses due to food spoilage and reduction of shelf-life
(Shi & Zhu, 2009). Thus, the development of new strategies to reduce the bacterial
contamination of these surfaces and then ensuring their hygienic status remains a
fundamental scientific, technological and industrial challenge (Poncin-Epaillard et al.,
2013). Since adhesion depends on the surface properties of the materials, such as
hydrophobicity, consequently, it may be presumed that the modification of these
surfaces based on these characteristic, will affect their ability to the bacterial
attachment. Among the possible strategies, the plasma nitriding treatment has been
used for surface modification of biomedical materials in last years (Liang, 2003).
These properties are mainly wettability, permeability, conductivity, hardness,
corrosion resistance and also, in the last years the microbial adhesion (Fewell et al.,

2000, Tang et al., 2005; Wang et al.,, 2009). Many materials, including organic
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material, inorganic material, and metals could be readily surface-modified by plasma
(Qiseth et al., 2002; Boudou et al., 2003).

In the last decades, the study on plasma treatment applications has been
gradually increased due to its low cost, relatively environmental friendliness,
applicability to diverse materials of complex shapes, changing only surface properties
and preserving favorable bulk characteristics of materials (Trentin et al., 2014).
Generally, low-pressure plasma has wide applications in materials (Kim et al., 2003)
like stainless steels types 304 and 316, mainly to improve surface hardness and
wear resistance without sacrificing desirable corrosion resistance (Rahman et al.,
2005; Li et al., 2008). The objective of this study is to evaluate the effect of plasma
nitriding surface modification of stainless steels AISI 316 and 304 on the adhesion of

Salmonella Enteritidis and Listeria monocytogenes.

2. MATERIALS AND METHODS

2.1.Stainless steels substrates

Stainless steel AISI (American Iron and Steel Institute) 304 and AISI 316
mechanically brushed polished, also known as number 4 finish, were kindly provided
by Metalurgica Ralf Winter™ (Ralf Winter, Alvorada, Brazil). Prior to plasma
treatment and bacterial adhesion assays, stainless steel coupons were prepared
(dimensions 2cm x 2cm and 0.2cm) and cleaned using a commercial detergent
(Unillever, Brazil), followed by immersion in ethylic alcohol (70% v/v) in order to
remove grease. Then, the coupons were autoclaved at 121°C for 15 min and dried at
60°C for 2 h (adapted from Rossoni & Gaylarde, 2000). The coupons were kept

inside sterile Petri dishes, at room temperature (25 £ 1°C), until the time of testing.
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2.2.Plasma surface modification

Stainless steels coupons were inserted in a vacuum chamber that was
pumped down to a pressure of 5 Pa. The chamber was pressurized with the
feeding gases using mass flow controllers, where a Pirani gauge was used to monitor
the pressure. Pumping was maintained and the pressure was kept by flowing gas
continuously into the chamber. Initially the substrates were treated with DC (direct
current) power supply with mean voltage 585 V and current 0.2 A for surface etching
for 30 min. After the etching process was used a radio frequency power source
(13.56 MHz) to generate the plasma at 100 W for 90 min. The total gas pressure was
kept at 30 Pa and the gas mixture was fixed at 9% H, and 91% N, (purity 99.999%)
during process. After the treatment, samples were removed from the vacuum
chamber and immediately sealed in a sterile package that was not opened until

surface characterization or bacterial adhesion assays.

2.3.Bacterial Strains

Two bacterial strains isolated by the Laboratory of Microbiology and Food
Control of Federal University of Rio Grande do Sul (Porto Alegre, Brazil) were used
in this study. The first microorganism was a Gram-negative food pathogen named S.
Enteritidis (SE86) isolated from a cabbage responsible for a foodborne outbreak
occurred in the State of Rio Grande do Sul (RS), Southern Brazil. This
microorganism has the same genotypic and phenotypic characteristics of the majority
of the identified S. Enteritidis responsible for Salmonellosis occurred in the State of

RS, in the last decade (Tondo & Ritter, 2012). The second microorganism was a



73
Gram-positive food pathogen identified as L. monocytogenes (J11) isolated from a

bovine slaughterhouse of the State of RS, Brazil.

Before each experiment, S. Enteritidis SE86 was cultivated in Brain Infusion
Broth - BHI (OXOID, Basingstoke, England) at 37° C for approximately 18 h and the
L. monocytogenes was grown in BHI supplemented with 0.6% yeast extract (OXOID,
Basingstoke, England), incubated at 37°C for approximately 30 h. After incubation,
both microorganisms were diluted in 0.1% peptone water (OXOID, Basingstoke,

England) until final concentrations of 10° CFU/ml.

2.4.Contamination of coupons and evaluation of bacterial adhesion

Artificial contamination was carried out immersing stainless steels coupons
(plasma treated and untreated) in 100 ml of BHI broth (Oxoid, Basingstoke, UK)
containing 10° CFU/ml. The coupons were kept inside bacterial suspension, at room
temperature (25 + 1°C), for 1 hour (adapted from Kusumaningrum et al., 2003) in
order to promote bacterial adhesion. After that, coupons were rinsed with 1 ml of
sterile distilled water to remove the weakly adhered cells. The coupons were
subsequently immersed in 25 ml of 0.1 % peptone water (Oxoid) and immediately
treated with an ultrasonic bath - sonicator (Unique Group, Indaiatuba, Brazil), in order
to totally remove adhered cells (Sinde & Carballo, 2000). Two decimal dilutions of the
bacterial suspension of each coupon were prepared (10" and 102). Then 20 pl of
each dilution were plated on Triptic Soy Agar (TSA, Oxoid) and on TSA added with
0.6 % of yeast extract (Oxoid). TSA plates were used to count S. Enteritidis, while
TSA containing 0.6% yeast extract were used to enumerate L. monocytogenes.
Enumerations were carried out using the drop method (Millles & Misra, 1938). TSA

plates were incubated at 37° C for 18 h and 30 h for S. Enteritidis and L.



74
monocytogenes, respectively. The antibacterial rate (AR) was determined by
Equation 1, as recognized for antibacterial effect (Lin et al., 2011).

100(N1-N2)

AR(E) = =0

(1)

N1, number of bacteria adhered on untreated samples and N2, number of

bacteria adhered on treated samples.

The experiments were performed in duplicate and each experiment was

repeated three times.

2.5.Hydrophobicity and free energy of adhesion

Bacterial hydrophobicity was measured by the contact angle method as
described by Busscher et al. (1984). Bacteria suspension (108 CFU/ml) was washed
three times in phosphate buffered saline (PBS) and were filtered using 0.45mm pore
diameter filters (Sartorius, Goettingen, Germany). Filters with bacteria were
maintained for 1 hour in Petri dishes containing 1% (w/v) agar-agar Type | (Himedia
Laboratories, Mumbai, India) supplemented with 10% (v/v) glycerol (CAQ — Casa da
Quimica, Diadema, Brazil) to establish constant moisture content. Filters were then
transferred to microscope glass slides. Five-microliters drops of two polar solvents:
water and formamide (Vetec — Sigma Aldrich, Duque de Caxias, Brazil) and one
nonpolar solvent: a-bromonapthalene (Vetec — Sigma Aldrich, Duque de Caxias,
Brazil), were deposited on bacterial layer, using a goniometer (Krus DSA30,
Hamburg, Germany), according to the recommendations of van Oss (1995).
Hydrophobicity of the stainless steels AISI 304 and AISI 316 (plasma treated and

untreated) was estimated by the same technique, using the measurement of the
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contact angle formed by the three solvents with different polarities on the surface of
stainless steels. Measures of four drops on each surface or bacteria were performed

and the averages of these measurements were considered as a result.

Bacteria and materials surface free energies (AGj,) were obtained by
calculating the surface tension components of the material (cells or stainless steel),
which was obtained from the contact angle of the three liquids, using the tables
reported by van Oss et al. (1990), according to the following equations (van Oss,

1995):

a+amm%PT=2(%HWPV+JKVE+JMVQ) (1)

TOT __ LW + -
Where, 6 is the contact angle,” =7 T2V7' 7  and 4V is the
Lifshitz—van der Waals component of the surface free energy and y" and y are the

electron acceptor and electron donor parameters, respectively.

According to the thermodynamical analysis (Teixeira et al., 2005), when studying the

interaction between substances 1 and 2 that are immersed or dissolved in water (w),

the total interaction energy AG, ; can be expressed as:

AGLY =712 =V —Vow +[\/ﬁ(\/fh/g-x/ﬁ)h/ﬁ(x/fh/g—x/ﬁ)—\/ﬁﬁ —WMJ 2)

In this case, 1 represents the support material (stainless steel) and 2 the
bacteria. Thermodynamically, if AG, <0 adhesion is favorable, on the contrary,

adhesion is not expected to occur if AG,,, >0 (Teixeira et al., 2005).
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2.6. Statistical analysis

For statistical evaluation of the data obtained with the adhesion tests (CFU/mL
and CFU/cm? to cells in suspension and adhered cells, respectively), values were
converted to log;o CFU. In all cases, duplicate samples were used and the

experiment repeated at least three times.

To analyze the data obtained with adhesion tests and the values of contact
angles, free energy and adhesion energy, analysis of variance was performed with
the SPSS software version 18.0. The Turkey’'s Test was used to compare the

averages and a P<0.05 was considered statistically significant.

3. RESULTS AND DISCUSSION

The results in Figure 1 show that plasma treated stainless steels were able to
decrease the number of attached cells compared to untreated stainless steels. The
reduction ranged from 20 % to 37.5 % for L. monocytogenes and from 31.7 % to 65.8
% for S. Enteritidis. Similar results were found by Trentin et al. (2014) which
observed adhesion reductions of 83 % for Klebisiella pneumoniae, 77 % for Serratia
marcescens, 65 % for Staphylococcus aureus and 48 % for Enterobacter cloacae on
polystyrene treated with plasma nitriding with similar conditions to those used in this
work. However Lin et al. (2011) achieved a reduction of 98.8 % and 99.9 % of
Escherichia coli adhered on stainless steel type 303 treated with N2/H2 plasma
nitriding. The pressure and the power used were higher than we have used (133.3
Pa, 700 W), and the time of exposure was shorter (80 minutes). Hung et al. (2012)

observed 99.9 % reduction of Escherichia coli on stainless steel type 304 and 303



77
treated with microwave plasma nitriding. However, Dong et al. (2011) not observed
reduction in the numbers of E. coli and Staphylococcus epidermidis adhered to the
surface of stainless steel AISI 316 treated with plasma nitriding, using a pressure of 4
mbar at 430 °C, for 15 hours. This result can be explained by the low percentage of
nitrogen used (25 %).

The lower reductions observed in the present study compared with the results
of Dong et al. (2011), Lin et al. (2011) and Hung et al. (2012), may be due to the
treatment conditions used by us, which were softer than those used by other authors.
The main difference compared with other works is in the power density, and the gas
mixture in plasma process that were low values compared with them.

The hydrophobicity values obtained (Table 1) confirmed that under the
conditions used by us, was possible to achieve only a slight change in the
hydrophobicity of the surfaces, in other words, treated stainless steel showed a
slightly hydrophilic characteristic, which differs significantly (P< 0.05) of the
hydrophobicity of not treated stainless steels, but still represents a very small change
of the surface characteristics. Whereas the two bacteria studied showed hydrophilic
character (AGiwi < 0) and is well known that the adhesion between hydrophilic
surfaces is harder (Trentin et al, 2014), as much higher hydrophilic is the stainless
steel must be lower the adherence. Results obtained by Trentin et al. (2014) also
have shown such relationship, once they have reported a reduction in the adhesion
of hydrophilic bacteria and no reductions in a hydrophobic bacterium S. epidermidis,
when studied adherence on polyethylene treated by plasma nitriding.

Results presented in Figure 1 also showed that AR of S. Enteritidis was higher

than AR of L. monocytogenes, whereas the values obtained for the hydrophobicity of



78
bacteria showed no significant difference (P> 0.05) between the hydrophobicity of
both bacteria. These results may be due the influence of other characteristics of S.
Enteritidis, such the presence of fimbriae, pili and capsule that could be involved in
the adhesion process. The observed values of the number of attached cells to
untreated stainless steels (data not shown) showed that S. Enteritidis also adhered
more than L. monocytogenes on the untreated stainless steels. However, the AR
values were higher for both bacteria on stainless steel AISI 316 plasma treated,
which showed to be more hydrophilic.

Results presented in Table 2 show that the adhesion of both bacteria is
thermodynamically less favorable (AG.S less negative) in treated stainless steels,
compared to the untreated stainless steels. Further, the adhesion to stainless steel
AIS| 316 plasma treated is less favorable (AG,, less negative) than to stainless

steel AISI 304 plasma treated. These results corroborate with the AR observed,
which were higher, in other words adhesion was lower in stainless steel AISI 316
plasma treated. Gontijo et al. (2007) observed a greater solubility of nitrogen in
stainless steel AlISI 316 after the plasma nitriding treatment when compared with the
AISI 304 and attributed this phenomenon to a molybdenum content of AISI 316,
which may explain the higher hydrophilicity observed in stainless steel AISI 316.

The AR values found show that the plasma nitriding treatment is able to
change the surface, reducing the bacterial adhesion. However, the reduction rates of
less than 90 % (1 log), as observed in this study and others (Dong et al., 2011 and
Trentin, et al., 2014) cannot be enough when foods present high bacterial
contamination, once generally, sanitizers are able to reduce around 2-3 log of

bacteria, and a pasteurization process is able to decrease approximately 5-6 log of
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bacteria (Forsythe, 2010). On the other hand, good quality foods in real processing
conditions generally present low pathogen loads, and a reduction of 90 % in the
adhesion of than, may be enough to avoid foodborne outbreaks.

In conclusion, the plasma treatment is a promising technique for surface
modification for the reduction of adherence of microorganisms, not only in medical
materials, but also on metal surfaces that come in contact with food, however further
studies are needed in order to meet the best treatment conditions required to obtain

higher reduction rates.
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Figure 1: Antibacterial Rate (AR) of Stainless steels AISI 304 and AISI 316 plasma nitriding
treated.
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Table 1: Water contact angle (in degrees) of the stainless steels surfaces (plasma treated and
untreated) and bacteria surfaces and, also their respective hydrophobicity parameters.

Water AG
Surface contact v s Ys wi,
angle (mJ.m™)
L. monocytogenes 27.8+2 42.12+1.6 0.44+0.2 47.80+3.6 26.04+3.2
S. Enteritidis 23.4%3 41.97+£2.0 0.71+0.1 48.78+3.8 25.98+3.1
Untreated AISI 304 51.7+7 39.78+1.5 0.62+0.1 25.61+2.5 -5.1842.4
Untreated AISI 316 54.7+3 39.69+0.9 0.83+0.3 21.44+1.5 -12.25+2.1
Plasma treated AISI 304  50.3%7 38.35+1.6 0.41+0.1 29.60+2.2 2.24+0.3
Plasma treated AISI 316  49.445 40.82+2.0 0.02+ 0.005 34.34+2.6 10.02+0.5

oT

Table 2: Free energy of adhesion (AGlTW2 ) between the bacteria and stainless steels (AISI

304 and AlSI 316) plasma treated and untreated.

TOT
Alez

Bacteria

AISI 304

AISI 316

L. monocytogenes

S. Enteritidis

Untreated

Treated
stainless steels

stainless steels

- 65.23

- 66. 03

Untreated

stainless steels

- 60.67

- 60.08

- 65.83

- 69.28

Treated
stainless steels

- 57.59

-57.05
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4. DISCUSSAO GERAL

A adeséo bacteriana tem grande importancia nas industrias de alimentos
e servicos de alimentacdo, uma vez que a presenca de microrganismos pode
propiciar a contaminacdo dos alimentos e, consequentemente a ocorréncia de
surtos. Muitas bactérias patogénicas ja foram isoladas da superficie de
equipamentos e utensilios utilizados em empresas de alimentos, sendo estas
superficies, portanto, consideradas como importantes fontes de contaminacao.
Adicionado a isso, entender os fatores envolvidos na adesdo de dois patégenos
alimentares da atualidade, sendo um Gram-positivo e um Gram-negativo, também
passa a ser importante, uma vez que esses conhecimentos podem ser de interesse
para industrias de alimentos e de equipamentos e para 6rgaos fiscalizadores e de
pesquisa.

Existem muitas pesquisas mostrando a capacidade de adesdo de
diversos microrganismos patogénicos a diferentes materiais, como aco inoxidavel,
vidro, polimeros e borracha, no entanto, sdo poucos os trabalhos que estudaram os
fatores envolvidos nessa adesdo. Da mesma forma, também sdo poucos o0s
trabalhos que avaliaram a ades&o microbiana em soldas, as quais sdo amplamente
utilizadas na fabricagdo e reparo de equipamentos de industrias de alimentos.

Durante a elaboracdo do presente estudo, foram encontrados apenas dois artigos,
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os quais foram publicados ainda na década de 90, sendo que nenhum deles avaliou
as soldas MIG e TIG.

Os resultados deste trabalho demonstraram que Salmonella Enteritidis
(SE 86) é capaz de aderir a superficie de aco inoxidavel e as soldas (MIG e TIG),
com contagens de aproximadamente 3 log UFC.cm?, considerando-se uma
contaminacdo artificial inicial de 5 log. Estes resultados estdo de acordo com 0s
achados por Bae et al (2012) e Chia et al (2009), que observaram a mesma
contagem para a adesao de Salmonella Typhimurium e Listeria monocytogenes em
aco inoxidavel.

Listeria monocytogenes (J11) também aderiu ao aco inoxidavel e as
soldas, mas a taxas iniciais foram significativamente (p < 0,05) menores do que
aguelas demonstradas por S. Enteritidis (SE86). Resultados semelhantes foram
encontrados por Stepanovic et al (2004), quando avaliaram a formac&o de biofilmes
por L. monocytogenes e Salmonella spp. em superficies de plastico. O nimero de
células de L. monocytogenes aderidas observado no presente estudo variou entre
10% e 10° UFC.cm™. Contagens semelhante também foram observadas por Chae &
Schraft (2000) quando avaliaram a adesdo de L. monocytogenes em superficies de
vidro.

Foi possivel observar também que houve diferenca significativa (p <
0,05) na aderéncia bacteriana, em diferentes tempos de contato, para ambas as
soldas, e que S. Enteritidis (SE86) demonstrou o maior nimero de células aderidas
apos 1 h de contato com as superficies. Contudo, L. monocytogenes demonstrou os

mesmos niveis de adesdo somente apés 4 h. Esta diferenca pode ser explicada pela
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conhecida superioridade de bactérias Gram-negativas para formar biofilmes em
superficies inertes (POMPERMAYER & GAYLARDE, 2000; SOMMER et al, 1999).

Ao contrario das expectativas, os resultados apresentados neste trabalho
demonstraram que ndo houve diferencas significativas (p > 0,05) nos niveis de
adesao entre os dois tipos de solda (MIG e TIG) para S. Enteritidis (SE86) e L.
monocytogenes (J11). Estes resultados foram observados apesar da aparéncia
muito distinta entre as soldas MIG e as soldas TIG. Afinal, as soldas TIG
apresentaram uma superficie com algumas partes rebaixadas, porém mantendo
uma rugosidade superficial visualmente aceitdvel, ou seja, com poucas
irregularidades. Enquanto que as soldas MIG tinham uma superficie elevada e
acabamento superficial bastante pobre, o que significa que apresentavam muitas
imperfeicdes. Além disso, as soldas polidas exibiram superficies com perfil liso e
uma rugosidade bastante inferior e as soldas sem polimento superficies bastante
irregulares e rugosidade elevada.

As soldas MIG e TIG também apresentam diferencas significativas nos
valores de rugosidade (p < 0,05) e ambas apresentaram valores de rugosidade
superficial média acima de 1,0; valor maximo de Ra (Rugosidade absoluta), definida
pelo New Zealand's Code of Practice for Dairy Food Manufacturing (NEW ZEALAND
DAIRY INDUSTRY MANUAL, 1995) e 0,8 valor maximo de Ra definido pelo Dairy
German Standard (DIN 11480, 1978).

Os resultados obtidos mostraram que nao existiu correlacdo entre a
adesdo de bactérias e os valores de Ra, uma vez que ndo houve diferenca
significativa (p > 0,05) na adesao nos diferentes tipos de soldas e entre as soldas

polidas e ndo polidas. Flint (1996) também n&o encontraram correlagdo entre a
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rugosidade da superficie, a presenca ou auséncia de soldas, e a adesédo de
Streptococcus (resistentes ao calor e responséveis por problemas de deterioracédo
em lacticinios). A falta de correlacéo entre a rugosidade da superficie e a adeséo de
L. monocytogenes em diferentes superficies de soldas também foi descrita por Tide
et al (1999).

Em um dos poucos estudos sobre a colonizacdo bacteriana em soldas,
Walsh et al (1993) apresentaram evidéncias de que a adesao bacteriana inicial foi
aleatéria em toda superficie, mas que as col6nias de células se formaram com mais
frequéncia e se desenvolveram mais rapidamente nas zonas soldadas do que nas
demais partes lisas (sem solda). Com base nesta observacdo, as soldas tém sido
propostas como locais de adeséo preferencial e aprisionamento de microrganismos
(NOTERMANS et al, 1991). No entanto, de acordo com os resultados nao se
observou diferencas significativas (p > 0,05) nos niveis de adeséo de S. Enteritidis
(SE86) e L. monocytogenes (J11) entre as superficies soldadas (MIG e TIG) e
superficies ndo soldadas (aco inoxidavel sem soldas). Resultados semelhantes
foram observados por Tide et al (1999), ao avaliar a adesao de L. monocytogenes a
superficies soldadas e ndo soldadas, quando ndo observaram diferencas
significativas entre a densidade de células bacterianas associadas com a superficie
soldada e a superficie do metal ndo soldado adjacente. Estes mesmos
pesquisadores (TIDE et al, 1999) também demonstraram que L. monocytogenes e
bactérias de um consércio (composto por trés espécies isoladas de soldas de
equipamentos de uma planta de processamento de frutos do mar), colonizaram a
superficie sem polimento de diferentes soldas e do metal (ago inoxidavel sem solda),

mesmo quando estas soldas tinham fendas e ranhuras. Comportamento semelhante
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foi demonstrado no presente trabalho, através das imagens de microscopia
eletrbnica de varredura, em que se observou que as bactérias aderiram de forma
semelhante em todas as areas dos corpos de prova.

Pesquisas tém demonstrado que a hidrofobicidade das superficies
solidas estdo envolvidas na adesdo bacteriana. Neste estudo a hidrofobicidade
(AGjy;) das superficies foi determinada com base na medida do angulo de contato e
calculada utilizando as equacdes propostas por van Oss (1991) e as tabelas das
componentes da tensao superficial dos liquidos (VAN OSS & GIESE, 1995). Sendo
qgue as superficies sdo consideradas hidrofébicas quando possuem AG < 0, e
hidrofilicas quando AG;, > 0 (van Oss, 1995). Além disso, quando o angulo de
contato (B) com a agua é menor que 50° a superficie € considerada hidrofilica,
engquanto que a superficie é considerada hidrofébica quando o angulo € maior que
50° (VAN OSS & GIESE, 1995). De acordo com os resultados obtidos no presente
estudo, apenas as bactérias apresentaram angulo de contato com agua inferior a
50° (B < 50°) e um valor positivo de AG;,; € demonstraram, portanto, caracteristica
hidrofilica. Os valores obtidos de AG,, para as bactérias foram significativamente
diferentes daqueles observados para as superficies das soldas (p < 0,05), as quais
foram todas hidrofébicas (6 > 50°). Apesar dos diferentes niveis de
hidrofobicidade/hidrofilicidade, ndo foi observada correlacdo entre a adesdo e a
hidrofobicidade. Esta observacao esta de acordo com os resultados de Slavick et al
(2012), Silva et al (2008) e Mafu et al (1990).

Neste estudo também foi avaliada a adesdo dos dois patdégenos
alimentares nas superficies dos dois acos mais utilizados na industria de alimentos,

o0 AISI 304 e o AISI 316. A adeséao foi avaliada em seis tempos diferentes, com o
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objetivo de avaliar o efeito do tempo na adesdo. O tempo maximo (8 horas) foi
escolhido considerando o tempo que normalmente um equipamento pode ficar sem
higienizacdo em uma industria de alimentos, que normalmente ndo ultrapassa o
tempo de um turno de trabalho (8 horas). Os resultados deste estudo mostraram que
S. Enteritidis (SE86) foi capaz de aderir as superficies dos dois agos inoxidaveis
(AISI 304 e AISI 316) com um numero de células de aproximadamente 2,55 log
CFU.cm™ (no tempo 0). Estes resultados estdo de acordo com os observados por
Bae et al (2012) e Chia et al (2009), que observaram a mesma contagem na adesao
de Salmonella Typhimurium e L. monocytogenes em aco inoxidavel AlISI 304.

Foi observado também que o nimero de células de L. monocytogenes
(J11) aderidas no tempo 0 (1,68 log UFC.cm™) foi menor do que o nimero de S.
Enteritidis. Resultados semelhantes foram encontrados por Stepanovic et al (2004),
quando avaliaram a formacgao de biofilme por L. monocytogenes e Salmonella spp.
em superficies de plastico. Os resultados do presente estudo mostraram que o
ndmero de L. monocytogenes aderidas variou entre 1,68 log UFC.cm™ no tempo
inicial e 3,6 log UFC.cm™, ap6s 8 horas de contato. Os mesmos niveis de ades&o de
L. monocytogenes em superficies de vidro foram observados por Chae & Schraft
(2000).

Os resultados revelaram ainda que S. Enteritidis (SE86) no tempo 0
aderiu significativamente mais do que L. monocytogenes (J11) em ambos 0S agos
inoxidaveis, assim como foi observado nas soldas (MIG e TIG). O numero de células
aderidas aumentou significativamente (p < 0,05), até 8 horas de contato e depois

deste periodo, ambos 0s microrganismos atingiram contagens similares (3,6 log
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UFC.cm?® e 4,2 log UFC.cm? para L. monocytogenes e S. Enteritidis,
respectivamente).

De acordo com as imagens de microscopia eletrénica de varredura e de
microscopia de forca atdémica, foi possivel observar que as células estavam aderidas
ao acaso sobre as superficies, isto €, elas nem sempre estavam nas ranhuras das
superficies do aco inoxidavel. Esta observacao corrobora com os resultados obtidos
nos experimentos realizados com as soldas (MIG e TIG) e por trabalhos de outros
pesquisadores, que mostraram nenhuma correlacdo entre a rugosidade da
superficie e a adesdo microbiana (FLINT 1996; TIDE et al, 1999; CHIA et al, 2009).

Alguns pesquisadores, no entanto, relataram que a adeséo € favorecida
guando a rugosidade da superficie tem valores semelhantes ao tamanho das células
(0,9-1,0 um), o que poderia causar um aprisionamento das células nas ranhuras das
superficies, devido a maior area de contato (FLINT et al, 2000; SHLISSELBERG &
YARON, 2013). N&o se verificou diferenca significativa (p > 0,05) entre os valores de
rugosidade (Ra) para o aco inoxidavel AISI 304 (Ra = 0.032 ym) e AISI 316 (Ra =
0.021um). Vale ressaltar ainda que estes valores observados foram inferiores a 1,0 e
0,8 um, valores maximos de Ra definidos por érgaos internacionais (NEW ZEALAND
DAIRY INDUSTRY MANUAL, 1995; DIN 11480, 1978). Além disso, os valores de
rugosidade foram inferiores ao tamanho das células, o que possivelmente
possibilitou menor adeséo devido a menor superficie de contato entre a bactéria e as
ranhuras. Outros autores encontraram valores de rugosidade mais elevados do que
os observados neste estudo, para os agos inoxidaveis AISI 316 e 304 (JULIEN et al,
2002; CHIA et al, 2009 ), o que pode ser devido as diferencas nos tipos e graus de

polimento utilizados.
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Os resultados apresentados neste trabalho demonstraram também que
nao houve diferencas significativas nos niveis de adesao entre ambas as bactérias
nos dois tipos de aco inoxidavel (p > 0,05). No entanto, Flint et al (2000) observaram
um maior numero de Streptococcus thermophilus e Streptococcus waiu aderidos em
aco inoxidavel AISI 316 do que em AISI 304. Estes autores atribuiram esta diferenca
a composicdo quimica dos acos inoxidaveis, principalmente, a presenca de
molibdénio.
Neste estudo os acgos foram classificados como superficies hidrofobicas
(AGjwi < 0), assim como as soldas (MIG e TIG), enquanto que ambas as bactérias
foram hidrofilicas. Também ndo foi observada correlacdo entre a adesdo e a
hidrofobicidade das superficies.
Além das teorias DLVO (Derjaguin, Landau, Verwey and Overbeek) e
XDLVO (DLVO Extendida) (VAN OSS, 2003; VAN OSS, CHAUDHURY & GOOD,
1988), as quais levam em consideracdo a energia livre das superficies e das
bactérias separadamente (AGj,), Teixeira et al (2005) utilizaram a energia livre de
interacdo entre 0s microrganismos e as superficies juntas para avaliar a capacidade

destes microrganismos de aderirem as superficies, para tanto foi utilizada a Teoria

Termodinamica. Segundo esta Teoria, se AG)> (energia de interagdo entre a

superficie 1 — a¢o inoxidavel e a superficie 2 — bactéria, em meio liquido - w) for

menor que 0 (AG., < 0) a adesdo € favoravel, pelo contrério, ndo se espera que

ocorra a adesdo se AG. for maior que 0 (AG,, > 0) (TEIXEIRA et al, 2005). Os

resultados deste trabalho mostram que para ambas as bactérias, a adesédo foi

termodinamicamente favoravel nos dois acos inoxidaveis estudados, visto que a

energia livre total de adeséo foi negativa (AG,., < 0).
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A energia livre total de adeséo entre as bactérias e as superficies quando

imersas em agua, foi mais negativa para o aco inoxidavel AISI 316 (p < 0,05), que
também apresentou maior angulo de contato com a agua e energia livre mais
negativa do que o ago AISI 304. Teixeira et al (2005) avaliando a adeséao de
Pseudomonas aeruginosa, Lactobacillus lactis, Staphylococcus sciuri e
Enterococcus faecalis em superficies de aco inoxidavel 316, aco inoxidavel 304,

vidro e polimetilmetacrilato também observaram energias negativas (AG.> ) em ago

inoxidavel 316. Entretanto, os resultados de quantificacdo de microrganismos
aderidos do presente estudo ndo demonstraram diferenca significativa (p > 0,05)
entre os dois tipos de acos inoxidaveis. Este resultado significa que, embora os
aspectos termodinamicos sejam fundamentais para a adesdao inicial, outros fatores
estdo relacionados com a adesao do microrganismo.

Por outro lado, S. Enteritidis (SE 86) apresentou energia livre total de

adesdo (AG,., ) mais negativa (p < 0,05) do que L. monocytogenes em ambos 0s

acos inoxidaveis, 0 que demostra que a adesdo desta bactéria é
termodinamicamente mais favoravel para os dois acos inoxidaveis testados, o que
também foi confirmado pelos resultados obtidos nos ensaios de quantificacdo. No
entanto, Sinde & Carbalo (2000) mostraram que L. monocytogenes aderiu ao aco
inoxidavel 304 com uma quantidade de células mais elevada do que Salmonella

spp., embora eles ndo tenham observado diferencas entre as energias totais de

adesdo (AG,,, ) das duas bactérias.

Os resultados do presente estudo demonstraram que as bactérias foram

capazes de aderir as superficies de aco inoxidavel AISI 304 e 316 e as soldas MIG e
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TIG, sendo que, inicialmente, S. Enteritidis (SE 86) aderiu mais do que L.
monocytogenes.

O maior numero de células aderidas no momento inicial € muito
importante, uma vez que o periodo de tempo entre higienizacbes normalmente
praticado em frigorificos e industrias de laticinios, geralmente ndo ultrapassa 8
horas. Além disso, apés esta adeséo inicial, dependendo das condi¢cdes do ambiente
de processamento S. Enteritidis e L. monocytogenes podem se multiplicar, formar

biofime e contaminar os alimentos. Além disso, S. Enteritidis também revelou

energia livre de adesdo (AG.Y ), mais negativa do que L. monocytogenes, iSso

significa que a adesao desta bactéria foi termodinamicamente mais favoravel do que
a adesdo de L. monocytogenes em ambos os acos inoxidaveis e soldas. Esse
resultado pode explicar a maior taxa de adesao no tempo zero, demonstrado pela S.
Enteritidis SE86, e pode ser mais um fator que explique porque esse microrganismo
tem sido um importante patégeno alimentar no sul do Brasil.

Conforme ja foi dito anteriormente, neste trabalho, os tempos de contato
utilizados na avaliacdo da adesdo aos acos inoxidaveis foram escolhidos pensando
no tempo maximo que uma superficie de contato poderia ficar sem higienizagdo em
uma indastria de alimentos. No entanto, os mesmos tempos ndo foram repetidos
para os testes realizados com as soldas, uma vez que ndo havia corpos de prova
(com as mesmas caracteristicas) suficientes para fazer os experimentos. Por isso,
foram escolhidos, além do tempo 0, mais dois tempos que melhor representassem o
comportamento das duas bactérias, o qual ja havia sido avaliado nos experimentos

dos acos, realizado anteriormente. Esses tempos corresponderam aos dois tempos



94
onde se observou a maior adesao, seguido de uma estabilizacdo, que foram: uma
hora, para S. Enteritidis SE86, e quatro horas, para L. monocytogenes.

Sabendo que as duas bactérias patogénicas sdo capazes de aderir em
uma quantidade relevante as superficies mais utilizadas nas empresas de alimentos,
ou seja, aos acos inoxidaveis AISI 304 e AISI 316 e as soldas MIG e TIG e que
embora alguns fatores expliguem os mecanismos de adeséo, ainda ha mais fatores
que precisam ser estudados, a fim de compreender todos os aspectos envolvidos
nesta adeséo.

A terceira parte deste trabalho buscou uma alternativa no sentido de
evitar a adesdo, e para isso se utilizou o conhecimento obtido durante as outras
fases do trabalho, os quais abordaram com maior énfase as caracteristicas das
superficies e dos microrganismos. Nesta fase final, utilizou-se o tratamento de
nitretacdo a plasma com o intuito de alterar a hidrofobicidade das superficies, como
uma alternativa para diminuir ou evitar a adesao de microrganismos.

Este tratamento ja tem sido utilizado ha muito tempo na area da
metalurgia para melhorar caracteristicas dos metais, como dureza, resisténcia a
corrosdo e resisténcia ao desgaste. Nos Ultimos anos, porém por ser capaz de
alterar a hidrofobicidade das superficies, também tem sido estudado quanto a sua
capacidade de reducdo da adesdo microbiana. No entanto, os trabalhos existentes
sao realizados em materiais médicos (metais e polimeros) e com microrganismos de
importancia clinica. Os resultados obtidos nestes trabalhos demonstram uma
promissora possibilidade de utilizacdo do tratamento a plasma nos agos inoxidaveis
utilizados nas empresas de alimentos, uma vez que € um tratamento viavel

financeiramente e aplicavel em grande escala.
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Os resultados obtidos mostraram que 0s acos tratados por nitretacdo a
plasma apresentaram um menor numero de células aderidas (P < 0,05), quando
comparados com 0S mesmos ac¢os nao tratados. A reducao variou de 20% a 37,5%
para L. monocytogenes e de 31,7% a 65,8% para S. Enteritidis. Resultados
semelhantes foram encontrados por Trentin et al (2014) que observaram reducgdes
na adesdo de 83% para Klebisiella pneumoniae, 77% para Serratia marcescens,
65% para Staphylococcus aureus e 48% para Enterobacter cloacae em poliestireno
tratado com nitretacao a plasma realizado em condicfes semelhantes as usadas no
presente trabalho. No entanto Lin et al (2011) obtiveram uma reducao de 98,8% e
99,9% das Escherichia coli (E. coli) aderidas no aco inoxidavel 303 tratado com
nitretacdo a plasma. A maior reducdo observada por estes autores pode ser
explicada pelas diferentes condi¢gfes utilizadas, uma vez que a presséo e a energia
utilizadas no estudo de Lin et al. (2011) foram maiores do que as utilizados neste
estudo (133,3 Pa, 700 W), e o tempo de exposi¢cao foi menor (80 min.). Hung et al
(2012) também obtiveram reducdo de 99,9% de E. coli aderidas aos acos
inoxidaveis 304 e 303 tratados por nitretacdo a plasma com micro-ondas. No
entanto, Dong et al (2011), ndo observaram reducdo no numero de E. coli e
Staphylococcus epidermidis aderidos a superficie de aco inoxidavel AlSI 316, tratado
com nitretacdo a plasma, utilizando uma pressao de 4 mbar a 430 °C, durante 15 h.
Este resultado pode ser explicado pela baixa porcentagem de nitrogénio utilizado
(25%), enquanto que no presente estudo foi utilizado um percentual de 91%.
Observou-se reducdes inferiores, em comparacdo com os resultados de
Lin et al (2011) e Hung et al (2012) as quais podem ser devidas as condi¢cdes de

tratamento utilizadas, que foram mais brandas do que as utilizadas por outros
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pesquisadores. A principal diferenca em comparacdo com os outros trabalhos foi a
densidade de poténcia e a proporcdo da mistura de gases que tiveram valores
baixos em comparacédo com os utilizados nas outras pesquisas.

Os valores de hidrofobicidade obtidos para os acos tratados com plasma
confirmaram que sob as condi¢des utilizadas neste estudo, foi possivel alcancar
apenas uma ligeira alteracdo na hidrofobicidade das superficies, ou seja, 0s acos
inoxidaveis tratados apresentaram uma caracteristica ligeiramente hidrofilica, o que
é significativamente diferente (p < 0,05) da hidrofobicidade dos acgos inoxidaveis nao
tratados, mas ainda representa uma mudanc¢a muito pequena nas caracteristicas da
superficie. Considerando que as duas bactérias estudadas apresentaram caracter
hidrofilico (AGj,i > 0) e que sabe-se que a adesao entre superficies hidrofilicas é
mais dificil (TRENTIN et al, 2014 ), quanto mais hidrofilico for o aco inoxidavel menor
deve ser a adesdo. Os resultados obtidos por Trentin et al (2014) também
demonstraram esta relacdo, uma vez que eles relataram uma reducao na adesédo de
bactérias hidrofilicas e nenhuma redugdo de uma bactéria hidrofébica (S.
epidermidis), quando estudaram a ades&o em polietileno tratado por nitretagdo a
plasma.

Os resultados obtidos no presente estudo também demonstraram que a
taxa de reducéo de S. Enteritidis foi maior do que a de L. monocytogenes, ao passo
gue os valores obtidos para a hidrofobicidade das bactérias mostrou que ndo existe
diferenca significativa (P > 0,05) entre a hidrofobicidade das duas bactérias. Estes
resultados podem ser devido a influéncia de outras caracteristicas da S. Enteritidis,
como a presenca de fimbria, pili e capsula que podem estar envolvidas no processo

de adesdo. Os valores observados para o numero de células aderidas aos acgos
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inoxidaveis ndo tratados (dados ndo mostrados) mostraram que S. Enteritidis (SE
86) também aderiu mais do que a L. monocytogenes nos ac¢os inoxidaveis nao
tratados. No entanto, os valores da taxa de reducédo foram maiores para ambas as
bactérias no aco inoxidavel AISI 316 tratado, que mostrou-se mais hidrofilico (AGiu;
mais positivo) do que o aco AISI 304 tratado.

Os resultados mostram ainda que a adesdo das bactérias foi
termodinamicamente menos favoravel (AG,° menos negativa) em agos inoxidaveis

tratados, em comparagcdo com 0s ac¢os inoxidaveis ndo tratados. Além disso, a

aderéncia ao aco inoxidavel AIS| 316 tratado foi menos favoravel (AG.o menos

negativo) do que a do ago inoxidavel AlSI 304 tratado. Estes resultados corroboram
com a AR observada, que foi mais elevada, ou seja, a adesdo foi menor no ago
inoxidavel AlSI 316 tratado. Gontijo et al (2007) observaram uma maior solubilidade
do nitrogénio em aco inoxidavel AlSI 316 apos o tratamento de nitretacdo a plasma,
quando comparado com o AISI 304 e atribuiu esse fendbmeno ao contetdo de
molibdénio do aco inoxidavel AISI 316, o que pode explicar o maior carater
hidrofilico, ou seja maior efeito do tratamento de nitretacdo, observado no aco AISI
316.

Os valores das taxas de reducdo mostram que o tratamento de nitretacéo
a plasma foi capaz de alterar a superficie, reduzindo a adesao bacteriana. No
entanto, as taxas de reducdo de menos de 90% (1 log), como observado neste
estudo e em outros (TRENTIN et al, 2014; HUNG et al, 2012; DONG et al, 2011; LIN
et al, 2011) podem n&o ser suficientes quando os alimentos apresentam alta
contaminacdo bacteriana, uma vez que, geralmente, sanitizantes sdo capazes de

reduzir em torno de 2 a 3 log bactérias e um processo de pasteurizacao é capaz de
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diminuir cerca de 5 a 6 log bactérias (FORSYTHE, 2010). Por outro lado, alimentos
de boa qualidade higiénico-sanitaria e em condicbes de processamento reais
geralmente apresentam baixa carga de patdégenos, e uma reducdo de 90% na
adesdao pode ser o suficiente para evitar surtos alimentares.

Por isso o tratamento com plasma é promissor para a modificacdo de
superficies com objetivo de reduzir a adesdo microbiana, ndo apenas em materiais
meédicos, mas também em superficies metalicas que entram em contato com
alimentos, no entanto, sdo necessarios mais estudos para obter as melhores
condicbes de tratamento necessarias para atingir maiores taxas de reducdo de

adesao bacteriana.



99

5. CONCLUSOES

e S. Enteritidis (SE86) e L. monocytogenes (J11) aderiram da
mesma forma ao aco inoxidavel AlSI 304 e ao aco inoxidavel AlSI 316;

e S. Enteritidis (SE86) e L. monocytogenes (J11) aderiram nos
dois tipos de solda (MIG e TIG) na mesma proporgéao;

e S. Enteritidis (SE86) e L. monocytogenes (J11) aderiram da
mesma forma as superficies soldadas (MIG e TIG) e as superficies ndo
soldadas (aco inoxidavel sem solda);

e O polimento das soldas ndo interferiu na adesdo de S.
Enteritidis (SE86) e L. monocytogenes (J11);

e S. Enteritidis (SE86) aderiu inicialmente (t 0) significativamente
mais que L. monocytogenes (J11) em todos os materiais;

e S. Enteritidis (SE 86) e L. monocytogenes (J11) apresentaram
carater hidrofilico. Os acos inoxidaveis AISI 304 e AISI 316 apresentaram
carater hidrofébico e os agos inoxidaveis tratados por nitretagdo a plasma
carater hidrofilico;

e Ndo foi observada relagcdo entre a hidrofobicidade e a

rugosidade das superficies e a adesdo bacteriana nos a¢os néo tratados;
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e A adesao de S. Enteritidis (SE 86) e L. monocytogenes (J11) foi
menor no ago AISI 316, o qual apds tratamento a plasma apresentou carater
mais hidrofilico do que o AlSI 304 tratado;
e A adeséo de S. Enteritidis aos acos inoxidaveis (tratados e ndo
tratados) foi termodinamicamente mais favoravel do que a adesdo de L.
monocytogenes;
e O tratamento a plasma foi capaz de alterar as superficies,

reduzindo a adesédo bacteriana, porém em pequenas taxas.
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6. PERPECTIVAS
e Testar outras condicdes de tratamento a plasma nos acos
inoxidaveis (AlISI 304 e AlSI 316), a fim de obter maiores taxas de reducéo da

adesao;

e Avaliar o efeito do tratamento a plasma nas soldas MIG e TIG
sobre a reducéo da adesao;

e Avaliar a estabilidade do tratamento a plasma aos principais
métodos de desinfeccdo (quimicos e fisicos) utilizados pela industria de

alimentos.
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