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CARDOZO, V.F. Atividade antibacteriana de nanoparticulas poliméricas
doadoras de 6xido nitrico contra Staphylococcus aureus e Escherichia coli.
2017. Tese de Doutorado em Microbiologia, Universidade Estadual de Londrina
- UEL, Parand, Brasil.

RESUMO

A mastite bovina é uma grave enfermidade veterinaria que causa grande perda
para a industria de laticinios em todo o mundo. Ela é uma das principais doencas
infecciosas, e é de dificil tratamento e controle. Além disso, o surgimento de
bactérias multirresistentes que causam a mastite tem complicado o seu controle.
O radical livre 6xido nitrico (NO) é um potente agente antimicrobiano. Assim, o
objetivo deste estudo foi sintetizar particulas poliméricas doadoras de NO, e
avaliar a atividade antibacteriana contra cepas de Staphylococcus aureus (MBSA)
e Escherichia coli (MBEC) isoladas de mastite bovina. Quinze isolados de
MBSA e quinze de MBEC foram obtidos de vacas com mastite bovina
subclinica e clinica. Particulas poliméricas biocompativeis compostas de
alginato/quitosana, ou quitosana/tripolifosfato de sodio (TPP), foram sintetizadas e
utilizadas para encapsular o acido mercaptosuccinico (MSA), que € uma
molécula contendo tiol. A nitrosacdo de grupo tiol em particulas contendo MSA
formaram as particulas S- nitroso-MSA, que sdo doadores de NO. A cinética de
liberacdo das particulas de S- nitroso-MSA mostrou liberagédo de NO constante e
controlada durante varias horas. A atividade antibacteriana das particulas
liberadoras de NO foi avaliada pela incubacdo das nanoparticulas com uma
cepa de MBSA multirresistente, o qual é responsavel por causar mastite
bovina. Ensaios de atividade anti-biofilme na formacé&o e em biofilmes maduros
foram realizados utilizando as cepas de S. aureus e as particulas poliméricas de
S-nitroso-MSA liberadoras de NO. A concentracdo minima inibitoria das
particulas de S-nitroso-MSA-alginato/quitosana contra cepas de MBSA variou
de 125 a 250 pg/mL. As mesmas nanoparticulas apresentaram atividade anti-
biofilme nas concentracbes de 250 e 500 pg/mL para as cepas de MBSA. Os
resultados indicam que o uso de particulas poliméricas doadoras de NO é uma
interessante alternativa para combater a resisténcia bacteriana no tratamento e
prevencéo da mastite bovina.

Palavras chaves: Atividade antibacteriana. Mastite bovina. Escherichia coli.
Oxido nitrico. Nanoparticulas poliméricas. Staphylococcus
aureus.



CARDOZO, V.F. Evaluation of antibacterial activity of nitric oxide-releasing
polymeric particles against Staphylococcus aureus and Escherichia coli
from bovine mastitis. 2017. Thesis os Doctoral in Microbiology, Universidade
Estadual de Londrina - UEL, Paran4, Brazil.

ABSTRACT

Bovine mastitis is a serious veterinary disease that causes great loss to the
dairy industry worldwide. It is a major infectious disease and is difficult to
manage and control. Furthermore, emerging multidrug resistant bacteria that
cause mastitis have complicated such management. The free radical nitric oxide
(NO) is a potent antimicrobial agent. Thus, the aims of this study were to
prepare and evaluate the antibacterial activity of nitric oxide-releasing polymeric
particles against Staphylococcus aureus (MBSA) and Escherichia coli (MBEC),
which were isolated from bovine mastitis. Fifteen MBSA isolates and fifteen
MBEC were collected from subclinical and clinical bovine mastitis. Biocompatible
polymeric particles composed of alginate/chitosan or chitosan/sodium
tripolyphosphate  (TPP) were prepared and wused to encapsulate
mercaptosuccinic acid (MSA), which is a thiol-containing molecule. Nitrosation of
thiol groups of MSA-containing particles formed S-nitroso- MSA particles, which
are NO donors. The NO release kinetics from the S-nitroso- MSA particles
showed sustained and controlled NO release over several hours. The antibacterial
activity of NO-releasing particles was evaluated by incubating the particles with an
MBSA multi-resistant strain, which is responsible for bovine mastitis. Anti-biofilm
activity assays on the formation and mature biofiims were performed using
nitric oxide-releasing S-nitroso-MAS polymeric particles and S. aureus strains.
The minimum inhibitory concentration for S-nitroso-MSA-alginate/chitosan
particles against MBSA ranged from 125 pg/mL to 250 ug/mL. The same
nanoparticles showed anti-biofilm activity at the concetrations of 250 e 500
pg/mL against MBSA strains. The results indicate that NO-releasing polymeric
particles are an interesting approach to combating bacteria resistance in bovine
mastitis treatment and prevention.

Keywords: Antibacterial activity. Bovine mastitis. Escherichia coli. Nitric oxide.
Polymeric particles. Staphylococcus aureus.
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1. INTRODUCAO

As infeccdes bacterianas tém sido um grande problema para a saude publica,
principalmente quando essas bactérias apresentam multirresisténcia aos
antimicrobianos convencionais. As fontes de contaminacdo séo variadas, podendo
ser transmitidas pelo homem, outros animais, e alimentos.

A resisténcia bacteriana aos antimicrobianos vem se destacando nos ultimos
anos, e existe uma enorme preocupacado com a falta de antimicrobianos eficazes
contra 0os microrganismos multirresistentes. Para resolver tal situacdo, novos
antimicrobianos (naturais, sintéticos e semissintéticos) e novas estratégias
(combinacdes de farmacos, liberacdo controlada e terapias alternativas) tém sido
estudados em diferentes areas e setores de producao.

Umas das alternativas viaveis para tal finalidade € o emprego da
nanotecnologia, por meios de nanoparticulas que podem apresentar atividade
antimicrobiana ou liberacdo controlada de compostos como o 6xido nitrico, que
também apresenta efeito bactericida.

O nosso grupo de pesquisa vem estudando as propriedades antimicrobianas
de varios compostos, incluindo nanoparticulas (metélicas e poliméricas), para
diferentes areas da Microbiologia.

As nanoparticulas poliméricas podem apresentar atividade antimicrobiana,
mas ultimamente, a estratégia de liberacdo controlada tem sido muito explorada em
diversos estudos, servindo de modelo de atividades biol6gicas em diferentes areas
da saude, como Imunologia (vacinas) e Oncologia (cancer).

Um dos setores que apresenta uma grande problematica na antibioticoterapia,
€ 0 agropecuario, tanto no aspecto de producdo (econébmico), como na saude

publica (zoonose e resisténcia bacteriana aos antimicrobianos).
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A mastite bovina é uma doenca crbnica causada por diferentes bactérias,
caracterizada pela grande dificuldade no tratamento e prevencdo, e que tem
causado enormes prejuizos na producéo leiteira no Brasil e em todo mundo. Além
disso, a doenca representa um risco para a saude publica, uma vez que o leite
um alimento altamente consumido pela populacdo mundial.

Assim, neste estudo foi proposta a utilizacdo de nanoparticulas poliméricas
(baixa toxicidade) com liberagdo controlada (estratégia) de um importante
composto antimicrobiano, o Oxido nitrico, para inibir o crescimento de bactérias
envolvidas na mastite bovina. Outro aspecto abordado neste estudo foi a
eliminacdo ou prevencédo de biofilmes bacterianos pelo uso dessas mesmas
nanoparticulas, uma vez que esses biofilmes sdo importantes na persisténcia

bacteriana em diferentes ambientes.
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2. REVISAO BIBLIOGRAFICA

2.1. Staphylococcus aureus

~

O género Staphylococcus, pertencente a familia Micrococcaceae, €
composto por 38 espécies, das quais 17 destas podem ser isoladas de amostras
biol6égicas humanas. S&do cocos Gram-positivos, medindo cerca de 0,5 -1,5 um de
diametro, e podem apresentar-se isolados, aos pares, em cadeias curtas, ou grupos
em forma de cachos irregulares. As espécies do género Staphylococcus podem
crescer em meios hipertbnicos (em concentracfes de até 15% de NaCl), em um
variado espectro de pHs (de 4,2 a 9,3) e temperaturas (entre 7° C e 48,5 °C) (LE
LOIR et al., 2003).

Os membros dessa espécie sao imoéveis, ndo esporulados, anaerobios
facultativos; porém, desenvolvem-se melhor em atmosfera aerdbia. Algumas
colonias podem apresentar pigmentacdo amarela, ou amarelo-alaranjado, enquanto
outras colbnias podem ser esbranquicadas ou acinzentadas. Além disso, algumas
cepas de Staphylococcus aureus cultivadas em agar sangue podem produzir uma
zona difusa de B-hemolise ao redor da coldnia, evidenciada apos incubacéo
prolongada (BANNERMAN et al., 1995; KLOOS, 1997).

Os estafilococos sédo produtores de catalase, sendo essa prova importante
para diferencia-los dos estreptococos (catalase negativos). Um dos fatores de
patogenicidade que diferencia S. aureus das demais espécies estafilococicas € a
capacidade de coagular o plasma, por reacédo direta com o fibrinogénio. Essa reacéo
produz fibrina, que recobre as células bacterianas, permitindo sua rapida aglutinacao
e resisténcia aos processos de opsonizacdo e fagocitose. Tal propriedade €
conferida tanto pela presenca da coagulase livre como pela coagulase ligada, ou
fator de agregacao na superficie da parede celular (KLOOS, 1997).

Quanto ao habitat, as espécies deste género encontram-se amplamente
distribuidas no ambiente e como microbiota autéctone de seres humanos e outros
animais (MURRAY et al., 1999).

A fermentagdo do manitol, endonuclease termoestavel e teste da
desoxirribonuclease sdo provas confirmatorias adicionais utilizadas para a

caracterizacdo do patdégeno. Sdo microrganismos que se multiplicam sob condi¢des
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de alta pressdo osmdética e pouca umidade, o que explica, parcialmente, sua
sobrevivéncia nas secreg¢des nasais e na pele (BANNERMAN, 1995).

O género Staphylococcus é amplamente encontrado na natureza, sendo
parte da microbiota de pele e mucosas de animais. Algumas espécies de
Staphylococcus sdo frequentemente caracterizadas como agentes etioldgicos de
infec¢des oportunistas em humanos e outros animais (SAKAI, 2004).

Staphylococcus aureus é um microrganismo de grande importancia
clinica para humanos, uma vez que é causa comum de diversos processos
infecciosos que variam desde infeccdes cutaneas crbénicas relativamente benignas,
até infeccbes humanas potencialmente fatais. As infec¢cdes cutédneas incluem
foliculites simples e impetigo, assim como furiinculos e carbdnculos, que afetam o
tecido subcutaneo, e produzem sintomas sistémicos como febre. S. aureus é
frequentemente isolado de feridas cirargicas infectadas, que podem representar
focos para desenvolvimento de infec¢Bes sistémicas, assim como é a causa de
broncopneumonias e pneumonias nosocomiais, bacteremias, meningites e

peritonites, entre outras infeccbes (KONEMAN et al., 2001).

Staphylococcus aureus e suas cepas resistentes a meticilina (MRSA) séo
a causa de uma grande parcela de infeccdes no hospital e na comunidade. Além
disso, estima-se que 20% da populacdo global é portador persistente do patégeno,
enquanto 60% é portador intermitente. Este patdgeno € a causa mais comum de
infeccdes de tecido e pele e outras infecgcdes mais graves, tais como endocardite,
osteomielite, bacteremia e pneumonia. Além disso, S. aureus é um patégeno
predominante em pacientes com fibrose cistica, nos quais pode colonizar 0s

pulmdes durante um periodo prolongado (WATER et al., 2015)..

A persisténcia das infeccbfes por S. aureus atualmente esta ligada a
capacidade das bactérias de invadir as células epiteliais do hospedeiro e sobreviver
ao tratamento antibidtico no ambiente intracelular, como também acontece com
bactérias intracelulares bem conhecidas como Mycobacterium tuberculosis, Listeria
monocytogenes e Salmonella enterica. O mecanismo exato da persisténcia
intracelular de S. aureus nédo é totalmente compreendido e sua elucidacdo esta em
andamento (WATER et al., 2015).
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Este microrganismo € a principal causa de infeccbes bacterianas Gram-
positivas, e responsavel por um amplo espectro de doencas, variando de infec¢bes
mais simples até as mais complexas. Embora as infec¢cdes por S. aureus sejam
historicamente tratdveis com antibiéticos comuns, o surgimento de microrganismos

MR tornou-se uma grande preocupacao para a saude publica (TSERING, 2011).

Staphylococcus aureus € um importante patdégeno que causa infeccles
nosocomiais, e adquiridas por pessoas na comunidade; e também é responsavel por
doencas em animais. Este microrganismo ubiquo esta presente assintomaticamente
em 20-30% da populagcdo humana. Provoca uma ampla gama de infecgdes,
incluindo infeccBes cutaneas e de tecidos moles, mastite, 0ssea, articulacdo, e
infeccdes em implantes, pneumonia e septicemia. Pode ser a causa de doenca em
animais, mas é economicamente mais significativo como causa da mastite bovina
(HOLMES; ZADOK, 2011).

7

Staphylococcus aureus também é um importante agente etiolégico de
infeccbes em animais de companhia e de animais destinados a producdo de
alimentos (AARESTRUP et al., 2000; ZADOKS et al., 2000). Esse microrganismo
constitui-se no agente bacteriano mais comumente isolado de casos de mastite
bovina clinica e subclinica, sendo apontado pela International Dairy Federation como
patdégeno principal (LANGONI, 1999).

A alta frequéncia de mastite causada por S. aureus em rebanhos leiteiros
ocorre devido a sua alta infectividade associada a fatores de viruléncia, que
conferem ao microrganismo a capacidade de se instalar no parénquima mamario,
formar microabscessos, resistir a fagocitose e sobreviver no interior de fagdcitos,
restringindo, dessa forma, o acesso dos agentes antimicrobianos, mesmo quando
administrados em concentracdes terapéuticas (ARAUJO; ANDRIOLI, 1996).

2.2. Escherichia coli

Escherichia coli € um bacilo Gram-negativo, espécie importante da familia
Enterobacteriaceae, ndo esporulado, oxidase negativa, anaerdbio facultativo, que
pode ou ndo apresentar motilidade. Em meios de cultura seletivos e diferenciais, a
Escherichia coli apresenta distintas caracteristicas coloniais, produzindo coldnias
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negras esverdeadas com brilho metalico em agar eosina-azul de metileno (EMB) ou
colonias rosadas (lactose positivas) em agar MacConkey. As cepas de Escherichia
coli estdo associadas com as propriedades bioquimicas de fermentacdo de lactose,
producdo de indol a partir do triptofano, fermentacdo de glicose pela via de acidos
mistos (prova de vermelho de metila positiva) e Voges-Proskauer negativo. Nao
produzem H2S, DNase, urease ou fenilalanina desaminase e nédo utilizam citrato
como fonte de carbono. A maioria das cepas de Escherichia coli, em geral possui
adesinas fimbriais, pili sexual, toxinas e antigenos O (lipopolissacarideo), H (flagelo)
e K (capsula) (BOPP et al., 2003; WINN et al., 2006).

De modo geral, a evolugcdo fez com que algumas cepas de E. coli
adquirissem genes de viruléncia através da transferéncia horizontal. Deste modo, a
capacidade de E. coli em causar um amplo espectro de doencas humanas vem
aumentando (KAPER; NATARO; MOBLEY, 2004). E. coli € um dos principais
agentes de infeccBes intestinais e extraintestinais em diferentes hospedeiros, e é
responsavel por importantes patologias como diarreia, sepse e infeccbes do trato
urinario (ITU), causando grandes prejuizos em diversas areas da saude (KAPER et
al., 2005).

Cepas de E. coli relacionadas com infeccbes extraintestinais sao
denominadas "Extraintestinal Pathogenic Escherichia coli" (EXPEC) (JOHNSON;
RUSSO, 2000). J& cepas de E. coli relacionadas as infec¢des intestinais, tanto em
humanos como em outros animais, sdo denominadas Escherichia coli diarreiogénica
(DEC) (KAPER; NATARO; MOBLEY, 2004).

As linhagens de E. coli sdo sorotipadas através de seus principais
antigenos de superficie: antigeno somatico (O), antigeno flagelar (H), e antigeno
capsular (K). Caracterizando-se, portanto, a linhagem em O:H ou O:K:H (BLANCO et
al., 1994). Foram descritos mais de 180 antigenos O, 60 antigenos H e 100
antigenos K diferentes, possibilitando inumeras combinacdes (CAMPOS;
FRANZOLIN; TRABULSI, 2004).

2.3. Mastite bovina

A mastite € uma grave doencga que causa grande perda na indastria de
laticinios no mundo todo, sendo uma doenca de dificil controle e manejo. A
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emergéncia de bactérias multirresistentes causadoras de mastite tém dificultado seu
controle (BHASME et al., 2013). Essa patogenia € uma reacao inflamatéria da
glandula mamaria de etiologia infecciosa, traumatica, fisiologica ou alérgica.
Entretanto, a mastite infecciosa é considerada a mais importante, por ndo ser auto-
limitante, e por poder eventualmente evoluir para um quadro de septicemia (COSTA,

2003).

As mastites podem ser classificadas como clinicas ou subclinicas. E
considerada mastite clinica quando ha alteracbes macroscopicas no leite e/ou no
Ubere do animal. A severidade da mastite clinica pode variar desde uma
manifestacdo clinica branda até uma mastite clinica severa, na qual ocorre
sintomatologia sistémica, com elevacdo da temperatura corporal, desidratacdo e
inapeténcia, sendo possivel, em alguns casos, resultar em 6bito (CHAFER, 2006).
Ja a mastite subclinica ndo possui sintomatologia evidente, e se caracteriza
principalmente pela diminuicdo da producao leiteira, sem que sejam observados
sinais visiveis do processo inflamatorio na glandula mamaria ou no leite (COSTA,
2002).

As perdas econOmicas associadas a mastite clinica nos Estados Unidos
foram estimadas aproximadamente em US$ 179 por caso de mastite. Essas perdas
sao calculadas a partir da producao reduzida de leite, leite descartado, aumento da
taxa de abate, custos farmacolégicos e aumento de méo-de-obra (BALLOU, 2012).
A resisténcia a meticilina em isolados de S. aureus obtidos a partir de casos de
mastite bovina foi relatada pela primeira vez na Bélgica em 1970, com base no teste
de sensibilidade antimicrobiana, mas sem confirmacdo da presengca de um gene
mecA (HOLMES; ZADOK, 2011).

Os patdégenos contagiosos sao microrganismos particularmente adaptados a
sobrevivéncia no hospedeiro, especialmente na glandula mamaria. Eles sdo capazes
de estabelecer infecgbes subclinicas e sdo transmitidos principalmente durante a
ordenha (BRADLEY, 2002; COSTA, 2003). Microrganismos do género
Staphylococcus estdo entre os mais frequentemente isolados em amostras de leite
provenientes de vacas com mastite contagiosa, sendo S. aureus a espécie de maior
frequéncia (COSTA et al., 1986).
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E. coli € conhecida por ser a bactéria Gram-negativa mais comum que
causa mastite subclinica e exibe resisténcia a antibiéticos. No entanto, a E. coli
patogénica no meio ambiente tem sido frequentemente negligenciada. Muitos
estudos relataram a presenca de E. coli entre os casos de mastite subclinica em
fazendas leiteiras em muitas regibes do mundo, particularmente em paises em
desenvolvimento, como Uruguai, Turquia, Brasil, Etiopia, México e China. Sabe-se
da existéncia de E. coli patogénica em fontes ambientais e também no leite de vacas
com mastite subclinica, detectando genes especificos associados aos tipos

patogénicos dessa espécie (HINTHONG et al., 2017).

2.4 Oxido nitrico

O oxido nitrico (NO) é uma molécula biologicamente ativa normalmente
encontrada em mamiferos, atuando como agente neurotransmissor, citoprotetor e
citotoxico (IGNARRO, 2000). Esta molécula pode atuar como mensageiro entre as
células dos animais superiores, incluindo os humanos (MARTINEZ-RUIZ; LAMAS,
2009).

O NO é um radical livre, no meio celular existem muitas espécies capazes
de desativa-lo imediatamente. Tidis de baixo peso molecular (RSHs), encontrados
no plasma humano, séo facilmente nitrosados na presenca de N203 ou NO 2,
gerando os S-nitrosotidis (RSNOSs), que sdo significativamente mais estaveis que o
NO (SHISHIDO et al., 2003).

A luz da crescente resisténcia dos patdgenos aos antimicrobianos, novas
direcbes no desenvolvimento antimicrobiano devem ser perseguidas. O uso de NO
como agente antimicrobiano é elementar, a forma como o NO fisiolégico € gerado e
combate o0s organismos invasores sao bem compreendidos. Nanoparticulas
doadoras de NO ja demonstraram atividade bactericida in vitro e in vivo contra

microrganismos Gram positivos e negativos (FRIEDMAN et al.,2011).

Considerando que o NO é uma parte integrante e altamente conservada da
resposta imune do hospedeiro, ndo € surpreendente que poucas bactérias possam
escapar do efeito antimicrobiano de NO. Multiplos sistemas de entrega de NO foram

desenvolvidos, cada um tentando fornecer NO de forma segura, eficaz e de maneira
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conveniente. Embora apenas um pequeno subconjunto de sistemas de entrega de
NO tenha sido avaliado quanto a eficAcia antimicrobiana, aqueles que foram
avaliados sédo bacteriostaticos ou bactericidas. O sucesso dos sistemas de entrega
de NO no tratamento de modelos laboratoriais de infeccdo provocou o

desenvolvimento continuo desta promissora tecnologia (SCHAIRER et al, 2012).

Ele é uma molécula de sinalizacdo celular envolvida em muitos processos
fisiologicos, e uma molécula defensiva contra invasdo de patdgenos. Diversos
doadores de NO, como nitritos / nitratos organicos, nitrosotiois e diazeniumdiolatos,
foram projetados para entregar NO para alvos biolégicos e obter as respostas
desejadas (HO et al., 2011).

NO é um agente antimicrobiano, que pode inibir ou matar uma ampla gama
de microrganismos, pode interagir e alterar os tiois de proteinas e centros metélicos
em condicbes adequadas; bloqueando processos fisiologicos microbianos
essenciais, incluindo respiracdo e replicacdo do DNA. Moléculas reativas derivadas
de NO como o peroxinitrito (ONOO), podem induzir danos oxidativos a maquinaria
central dos patdogenos. Além disso, essas espécies podem iniciar reacdes de
peroxidacao lipidica, aumentando o poder antimicrobiano do NO. Nas bactérias
Sujeitas a este estresse nitrosativo, a S-nitrosoglutationa (GSNO) é formada por
reacdo de NO com glutationa intracelular na presenca de oxigénio. GSNO é
fundamentalmente um doador de NO que pode transferir espontaneamente NO para
outros tidis (trans S-nitrosilagdo). A maioria dos efeitos farmacologicos dos
nitrosotiois € causada pela nitrosacdo de proteinas celulares que séo essenciais a

muitos processos fisiologicos (FRIEDMAN et al.,2011)

Devido as varias acfes biolégicas do NO, incluindo a acdo antimicrobiana,
existe uma preocupacao quanto ao controle da liberacdo do NO em sistemas vivos,
local onde o NO poderia desempenhar seus efeitos terapéuticos (FROST et al.,
2005, SEABRA; DURAN, 2010). Os veiculos carregadores e liberadores de NO
modulam a cinética de liberacdo de NO nos tecidos alvos e locais de aplicacdo
(FROST et al., 2005; REYNOLDS et al., 2004; SEABRA et al., 2004(a)).
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2.5. Nanoparticulas poliméricas

A nanotecnologia pode ser definida como um campo cientifico multidisciplinar
baseado no desenvolvimento, na caracterizagdo, na producdo e na aplicacdo de
estruturas e sistemas com forma e tamanho na escala hanométrica (STYLIOS et al.,
2005).

Na nanomedicina, ou seja, no desenvolvimento de tratamentos efetivos
baseados na nanotecnologia, ocorre a juncao de diferentes areas, entre elas a
biologia, a quimica, a fisica, a engenharia quimica, a engenharia mecanica, a ciéncia
de materiais e a medicina clinica (FAROKHZAD; LANGER, 2006).

No campo da nanotecnologia os sistemas de liberacdo controlada de
farmacos se destacam e tém apresentado um grande avanco (EMERICH; THANOS,
2006). Nas ultimas quatro décadas, a tecnologia polimérica de liberacdo controlada
apresentou um impacto nas diferentes areas da medicina, com diferentes produtos
ja presentes na pratica clinica (FAROKHZAD; LANGER, 2006).

7

A nanomedicina € um campo interessante de pesquisa de entrega de
medicamentos, pois é uma abordagem plausivel para a entrega direcionada de
medicamentos, como a entrega magnética de farmacos e a liberagdo controlada
desencadeada por temperatura, liberacédo fotossensivel, liberacdo ativada por micro-
ondas e liberacdo responsiva ao pH. Além disso, a aplicacdo significativa da
nanotecnologia tem sido comprovada na liberacdo controlada e sustentada de
drogas, e esta tecnologia pode minimizar a perda de eficAcia ao melhorar a
utiizacdo de drogas e seus efeitos terapéuticos. Ao mesmo tempo, as
nanoparticulas podem ser utilizadas em varias administragbes, como entrega oral,
injecdo subcutanea, administracédo transdérmica e administracdo mucosa (YU et al.,
2017).

As nanoparticulas séo sistemas coloidais poliméricos com tamanho entre 10 e
1000 nm (RIEUX et al., 2006), nos quais o farmaco pode se encontrar dissolvido,
recoberto, encapsulado ou disperso. Elas séo classificadas em duas categorias, as
nanoesferas e as nanocapsulas, que diferem entre si segundo a composi¢cdo e a
organizacao estrutural (ABDELWAHED et al., 2006).
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As vantagens da utilizacdo de nanoparticulas incluem a liberagédo controlada
e/ ou prolongada da substancia nelas encapsuladas, a reducdo de efeitos adversos
associados a substancia, a protecdo de compostos da inativacao antes de atingirem
o local de agcdo, o aumento da penetracao intracelular e o aumento da atividade
farmacolégica (TEIXEIRA et al., 2005).

Polimeros naturais podem ser considerados como 0s primeiros biomateriais
utilizados clinicamente. A natureza dos polimeros empregados em sistemas de
liberacdo de farmacos influencia significativamente no tamanho e no perfil de
liberacdo do sistema. Os principais critérios na selecdo de um polimero sao,
principalmente, a biodisponibilidade, a biocompatibilidade e a sua velocidade de
degradacéo (RIEUX et al., 2006).

A selecao de um método apropriado de encapsulamento € importante para
ter nanoparticulas com o desempenho e a funcédo desejados. O método selecionado
dependera dos caracteres fisico-quimicos do composto bioativo polimérico,
encapsulado e das propriedades desejadas das nanoparticulas (por exemplo,
tamanho de particula, distribuicdo de tamanho de particula, area de superficie,
forma, solubilidade, eficiéncia de encapsulamento e mecanismo de liberacdo). Para
melhorar a eficiéncia e a estabilidade das nanoestruturas, também é primordial
encontrar materiais adequados; os biopolimeros, como os polissacarideos, sdo uma
das possibilidades devido as suas vantagens distintas de biodegradabilidade,
biocompatibilidade e falta de toxicidade (AZEVEDO et al., 2014).

Nanoparticulas poliméricas biodegradaveis e biocompativeis tém sido
utilizadas como veiculos de liberacdo de NO. Entre os polimeros que podem ser
utilizados na preparacédo destas nanoparticulas, destacam-se os polimeros naturais:

alginato e a quitosana.

A quitosana € um biomaterial derivado da quitina (essencialmente poli (p-
1,4-N-acetil-D-glucose-2-amina)), que € um dos polissacarideos catidénicos naturais
mais abundantes, é encontrado em paredes celulares de microrganismos, tais como
leveduras, e também em exoesqueletos de crustaceos e insetos. O produto da
desacetilagdo de quitina € conhecido sob o nome genérico de "quitosana”,
comumente utilizado em industrias téxteis e na confeccdo de biomateriais por

apresentar importantes propriedades como baixo custo, biodegradabilidade e
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biocompatibilidade. A quitosana tem sido amplamente empregada no
desenvolvimento de micro ou nano-transportadores, com foco especifico no uso de
ativos complexos (NASTI et al., 2009).

O alginato € um polissacarideo hidrofilico extraido de algas castanhas
marinhas da familia Phaeophyta. E um biopolimero linear composto por dois acidos
urénicos, sendo grupos carboxilicos de acidos inorganicos responsaveis por sua
carga negativa. Este biopolimero apresenta propriedade atoxica, biocompativel,
biodegradavel, € mucoadesivo, sendo aprovado para aplicacbes farmacéuticas e
alimentares. A solubilidade do alginato na agua depende dos cétions associados,
isto é, o alginato de sodio € soluvel em agua; mas quando é utilizada uma solucéo
com cétions multivalentes (por exemplo, célcio - Ca? *), o biopolimero pode formar
um gel reversivel (AZEVEDO et al., 2014).

O aprisionamento de NO em doadores na area de nanomateriais surgiu
como uma estratégia que poderia proteger essas moléculas de decomposicédo ou
degradacédo, e permitir uma liberacdo de NO controlada; prolongando assim seu
periodo de atividade. Nanomateriais apresentam caracteristicas fisico-quimicas
distintas em comparacdo com 0 mesmo material na escala macroscopica. Sucesso
foi obtido no encapsulamento de doadores de NO com baixo peso molecular em
nanoparticulas de quitosana para diferentes aplicacbes biomédicas, incluindo
atividades antimicrobianas contra bactérias e protozodrios resistentes; e toxicidade

direcionada a varias linhas celulares cancerigenas (OLIVEIRA et al., 2016).

O uso de nanoparticulas como veiculos de entrega para agentes
bactericidas representa um novo paradigma na concep¢ao da terapéutica
antibacteriana. Neste estudo, nanoparticulas doadoras de NO mostraram-se
significativamente eficazes na morte de Acinetobacter baumannii multirresistente in
vitro e, com efeito terapéutico em um modelo de infec¢do de ferida murina (MIHU et
al., 2010).

O NO modula a reconstrucao do tecido modificando a resposta inflamatéria
e angiogénese. Tecidos danificados, como feridas infectadas, sdo deficientes em
NO. Consequentemente, a administracdo de nanoparticulas doadoras de NO pode
melhorar a cicatrizacdo de feridas, facilitando a morte bacteriana e promovendo a

deposicéo de colageno (MIHU et al., 2010).
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Houve um aumento de interesse na utilizacdo de nanoparticulas metélicas
como transportadores de NO porque seus tamanhos sdo comparaveis aos de
biomoléculas (por exemplo, proteina e DNA), a sua superficie pode ser ajustada
variando a protecdo da superficie dos ligantes, e sdo capazes de liberar multiplas

moléculas de NO por nanoparticula de metal (HO et al., 2011).

Alguns estudos mostraram que nanoparticulas liberadoras de NO possuem
atividade bactericida (CHOUAKE et al., 2012; FRIEDMAN et al., 2011).

Observou-se que nanoparticulas liberadoras de NO apresentaram atividade
frente a Pseudomonas aeruginosa quando tinham tamanho < 100 nm (CARPENTER
et al., 2011).

Aplicacdo de terapia com nanoparticulas doadoras de NO contra
microrganismos notaveis por sua resisténcia antimicrobiana é vantajosa. Cepas de
Staphylococcus aureus resistente a meticilina (MRSA) apresentaram inibicdo e
mostraram o efeito bacteriostatico da nanoparticula doadora de NO. Ensaios de
crescimento bacteriano demonstraram uma reducdo notadvel na contagem
bacteriana, na maior concentracdo da nanoparticula apés 16 horas de liberacdo
constante. Além disso, a microscopia eletrdnica de transmissdo revelou a
capacidade da nanoparticula doadora de NO de perturbar a arquitetura da parede
celular; resultando em edema e posterior lise celular(SANCHEZ; NOSANCHUK;

FRIEDMAN, 2012).

Feridas infectadas com MRSA em um modelo murino demonstraram uma
reducao de 99,9% da carga bacteriana. Abscessos induzidos infectados com MRSA,
tratados intralesionalmente e superficialmente com nano particulas doadoras de NO
também superaram a eficacia da vancomicina; a vancomicina mostrou uma
diminuicdo de 94% da carga microbiana enquanto nanoparticulas doadoras de NO
qguase eliminaram a carga microbiana, 99% (SANCHEZ; NOSANCHUK; FRIEDMAN,
2012).

Como aplicagdo bioldgica de nanoparticulas de entrega, temos a
nanoparticula doadora de diclofenaco no processo inflamatério de uma incisdo
cirdrgica, a sutura cirargica revestida das nanoparticulas liberam o anti-inflamatério
sustentavelmente e o direcionam aos macréfagos ativados no processo de
inflamagédo devido a ferida do procedimento. Isso causa melhora no efeito do

farmaco e na cicatrizacdo do ferimento (KIM et al., 2017).
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Catéteres tratados com nanoparticulas doadoras de NO apresentaram
reducdo na formacéo de biofilme de C. albicans in vivo. Essas nanoparticulas evitam
a formacao de biofilmes e efetivamente matam leveduras e hifas dentro de biofilmes
maduros; elas também interferem com o crescimento de fungos e morfogénese
durante a infeccdo (AHMADI et al., 2016).

Observou-se um amplo efeito bactericida de nanoparticulas de silica que
liberam ativamente o NO, e seus subprodutos reativos diminuem a viabilidade
bacteriana via peroxidacao lipidica e reacdo com proteinas da membrana, DNA e
enzimas metabdlicas. A vantagem de utilizar NO sobre outros agentes
antimicrobianos (por exemplo, prata e antibiéticos) € as varias formas de atividade
antimicrobiana do NO e a baixa toxicidade para células de mamiferos em
concentracfes necessarias para a acao antimicrobiana. Além disso, estudos iniciais
sugerem a incapacidade das bactérias para desenvolver resisténcia a
nanotecnologia derivada do NO. A terapéutica € evidente nos imensos esforcos de
pesquisa focados na concepcédo de veiculos macromoleculares que liberam NO para
aplicacdes biomédicas (CARPENTER et al., 2012).

Nanoparticulas doadoras de NO interferem com o crescimento in vitro de
Candida albicans, o NO consegue penetrar e permeabilizar a célula fungica. A
quantidade de NO liberado através de nanotecnologia altera a integridade da
estrutura da membrana da levedura, a ligacéo proteina-membrana e lipideos. Como
uma molécula lipofilica 0 NO pode facilmente atravessar a bicamada lipidica e atingir
enzimas, RNA mensageiro, proteinas e DNA; prejudicando processos biolégicos. A
formacgé&o de peroxinitrito rompe a membrana celular através de peroxidacéo lipidica,
acelerando a degradacdo da célula. As nanoparticulas doadoras de NO sdo um
promissor candidato ao uso em infec¢cdes cutaneas devido a sua excelente
penetracdo tecidual e; potente e ampla atividade antimicrobiana (MACHERLA et al.,
2012).

Alguns estudos apresentam nanoparticulas topicas doadoras de NO como
um potencial tratamento para infeccdo dérmica por Trichophyton rubrum. NO exerce
atividade fungistética direta através de dano do DNA, peroxidagdo lipidica e
inativagdo enzimatica, bem como a atividade indireta na atividade fagocitica de
macrofagos (MORDORSKI et al., 2017).
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2.6. Biofilme

Biofilmes microbianos foram inicialmente descritos por Antonie van
Leeuwenhoek, e hoje é considerado por varios pesquisadores um fator de viruléncia,
representando um risco para a saude publica. A definicdo do termo “biofilme” foi
elaborada por Costerton, Geesey e Cheng (1978), em que a maioria das bactérias
cresce em uma matriz compacta de polissacarideos aderidos a superficie em um
determinado ecossistema contendo suficientes nutrientes, onde as bactérias sésseis
diferem profundamente das suas formas plancténicas (DONLAN; COSTERTON,
2002).

A matriz polimérica dos biofimes € denominada como substancias
poliméricas extracelulares (EPS), a qual mantem a unido das bactérias na
microcolénia do biofilme, sendo composta por polissacarideos, acidos nucléicos, e
proteinas (HALL-STOODLEY; STOODLEY, 2002).

A formacao do biofilme ocorre quando uma bactéria plancténica adere a uma
superficie inerte, na presenca de determinadas forcas de “cisalhamento” que
auxiliam na persisténcia da comunidade microbiana em um ambiente (CHARACKLIS
e MARSHALL, 1990).

Os biofilmes podem se formar em dois tipos de ambientes: (1) com pouca
turbuléncia, apresentando baixa for¢a de tenséo (cisalhamento) e podendo “quebrar”
mais facilmente; ou (2) com alta turbuléncia, apresentando alta resisténcia mecanica
(DONLAN & COSTERTON, 2002).

Entre as forgas fisicas associadas a persisténcia das bactérias na superficie
de um ambiente, destacamos as forgas de van der Waals, interacdes estéricas, e
eletrostaticas (GARRET, 2008).

Ao longo do tempo, a comunidade microbiana séssil pode originar novas
bactérias plancténicas “flutuantes”, que podem se multiplicar e dispersar para outros
ambientes (COSTERTON et al.,, 1999). Nesse momento, tais bactérias ficam
expostas aos agentes externos no ambiente, incluindo os antimicrobianos; porém,
no caso do biofilme formado, a terapia convencional com antibiéticos pode se tornar
ineficaz contra essa comunidade microbiana (COSTERTON et al., 1999).

Um dos mecanismos de resisténcia dos biofimes aos agentes
antimicrobianos pode ser explicado pela presenca das EPS que atuam como uma
barreira para a entrada e difusdo do antibiotico na matriz do biofilme (COSTERTON
et al., 1999).
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Outro aspecto importante do biofilme microbiano é o0 processo de
comunicacdo célula-a-célula, conhecido como “Quorum-sensing”, envolvendo a
sinalizacdo por pequenas moléculas produzidas pela propria bactéria, que ao atingir
determinadas concentragdes ativam importantes genes, com diferentes finalidades,
como o controle da densidade populacional (DAVIES et al., 1998).

Um dos fatores de viruléncia descritos para cepas patogénicas de S. aureus,
€ a producao de biofilme, que contribui na persisténcia bacteriana, principalmente
em ambientes hospitalares (GOTZ, 2002), porém quando nos referimos aos casos
de mastite bovina, ndo existem estudos demonstrando isso.

Entretanto, um estudo demonstrou que o numero de isolados de S. aureus
obtidos de fontes intra-mamarias (leite) que produziam biofilmes era maior do que
guando isolados de fontes externas, sugerindo que o biofilme produzido por tais
cepas bacterianas representa um fator de risco para causar infeccdo intra-mamaria
(FOX; ZADOCS; GASKINS, 2005).

Outro aspecto importante em relacdo as determinadas cepas bacterianas
isoladas de vacas com mastite bovina, é que tais bactérias podem aderir e crescer
em uma superficie de aco inoxidavel de um permutador de calor em uma unidade de
pasteurizacdo de produtos lacteos (FLINT; BREME; BROOKS, 1997).

Os biofilmes bacterianos podem interagir com diferentes nanoparticulas, e
que isto ocorre devido & presenca das EPS presentes nos biofilmes, resultando no
acumulo dessas nanoparticulas nos biofilmes bacterianos (KROLL et al., 2014;
NEVIUS et al., 2012).

As interagbes entre nanoparticulas e o biofilme ocorrem através de um
processo com trés etapas (IKUMA; DECHO,; LAU, 2015): (1) transporte das
nanoparticulas para a proximidade do biofilme, (2) deposicdo inicial das
nanoparticulas na superficie do biofilme, e (3) migracdo das nanoparticulas para

areas mais profundas do biofilme (Figura 1).
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Figura 1 - Os trés passos envolvidos nas interagdes de nanoparticulas-biofilme: (1)

Aproximacdo das nanoparticulas; (2) deposicao inicial; e (3) migracdo no biofilme
(IKUMA; DECHO; LAU, 2015).
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Desse modo, torna-se imprescindivel eliminar ou prevenir a formacao de
biofilmes bacterianos, uma vez que eles sdo importantes fatores de risco de
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Abstract

Bovine mastitis is a serious veterinary disease that causes great loss to the dairy
industry worldwide. It is a major infectious disease and is difficult to manage and
control. Furthermore, emerging multidrug resistant bacteria that cause mastitis have
complicated such management. The free radical nitric oxide (NO) is a potent
antimicrobial agent. Thus, the aims of this study were to prepare and evaluate the
antibacterial activity of nitric oxide-releasing polymeric particles against
Staphylococcus aureus (MBSA) and Escherichia coli (MBEC), which were isolated
from bovine mastitis. Fifteen MBSA isolates and fifteen MBEC were collected from
subclinical and clinical bovine mastitis. Biocompatible polymeric particles composed
of alginate/chitosan or chitosan/sodium tripolyphosphate (TPP) were prepared and
used to encapsulate mercaptosuccinic acid (MSA), which is a thiol-containing
molecule. Nitrosation of thiol groups of MSA-containing particles formed S-nitroso-
MSA patrticles, which are NO donors. The NO release kinetics from the S-nitroso-
MSA particles showed sustained and controlled NO release over several hours. The
antibacterial activity of NO-releasing particles was evaluated by incubating the
particles with an MBSA multi-resistant strain, which is responsible for bovine mastitis.
The minimum inhibitory concentration for S-nitroso-MSA-alginate/chitosan particles
against MBSA ranged from 125 pg/mL to 250 pg/mL. The results indicate that NO-
releasing polymeric particles are an interesting approach to combating bacteria

resistance in bovine mastitis treatment and prevention.

Keywords: Antibacterial activity; bovine mastitis; Escherichia coli; nitric oxid;

polymeric particles; Staphylococcus aureus.
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Introdution

Bovine mastitis is an infection in the mammary gland and is the major illness
for dairy ruminants, which has reduced milk production and it is often associated with
cattle disorders such as fever as well as altered heart and/or respiratory rates and
rumen motility (Soto et al., 2003; Lohuis et al., 1998). Bacteria such as Escherichia
coli or Staphylococcus aureus are the major causes of bovine mastitis (Rainard and
Rioleet, 2006). Dairy cow mastitis is a disease with considerable economic
importance. Throughout the course of a lactation, the incidence rate for mastitis may
reach 100% in dairy herds with averages at 30-50% in many countries. In many
countries and continents, including Europe, North and South America and New
Zealand, S. aureus is among the most common causes of clinical and subclinical
mastitis in dairy cattle (Holmes and Zadoks, 2011). The economic loss associated
with clinical mastitis in the United States has been estimated at approximately
US$179 per mastitis case. Such loss is calculated from the reduced milk production,
discarded milk, increased cull rates, pharmacologic costs, and increased labor costs
(Ballou, 2012).

Further, emerging multidrug resistant bacteria that cause mastitis have
complicated its management, and such resistance has complicated its prevention
and treatment (Bhasme et al., 2013). Thus, using new antibacterials is desirable for
controlling bovine mastitis. Certain compounds, such as violacein, have been tested
against resistant bacteria with bactericidal effects; however, this antibiotic showed
host toxicity (Cazoto et al., 2011).

Recent studies have indicated that nitric oxide (NO) is a key mediator for
inflammatory responses caused by bovine mastitis (Piotrowska-Tomala et al., 2012).
Indeed, nitrite (NOz_), nitrate (NOs_) and staphylococcal enterotoxin C were observed
in mammary gland secretions infected with S. aureus, which indicates that NO-
related species (NOx) are important for animal immune responses against bacteria
(Komine et al., 2004). The free radical NO is a key molecule in the immunological
system, which is important for the natural host defense against invading pathogens
such as bacteria (Martinez-Ruiz et al., 2011; Seabra et al.,, 2010). NO is
enzymatically synthesized by several types of cells such as macrophage and
neutrophils. Furthermore, given its small size and lipophilicity, when it is secreted by
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immune cells, NO readily diffuses across cells membranes and causes oxidative and
nitrosative damage to invading pathogens (Schairer et al., 2012; Han et al., 2009).
NO toxicity is based on its concentration. At low concentrations (nanomolar range),
NO is a signaling molecule; in contrast, at high concentrations (micromolar-millimolar
range), NO is a potent toxic agent, which can bind vital biomolecules in a pathogen,
such as DNA, proteins and lipids (Schairer et al., 2012). Animal cells produce low
concentrations of NO for regulatory functions, and NO acts as an intracellular signal.
However, animal cells also synthesize high concentrations of NO (>1 umol/L) through
the action of the enzyme inducible NO synthase (iNOS). Indeed, host iINOS is a key
component of the innate immune system. Therefore, NO is a mean of animal defense
against microbes, and the use of exogenous NO donors for antimicrobial therapies is
similar to the action of endogenous iNOS, i.e. production of high amounts of NO for
longer periods of time to combat pathogens (Schairer et al., 2012). In addition,
several papers described that the topical application of NO donors has been effective
in inducing a local immune host response with minimal side effects (Mowbray et al.,
2009).

As a free radical, certain molecules in biological media, such as hemoglobin,
readily react with NO inactivate this molecule (Cooper, 1999). Thus, S-nitrosothiols
(RSNOs) are important molecules that act as spontaneous NO carriers and donors to
preserve NO bioavailability (Seabra et al., 2004, 2007, 2010). RSNOs are molecules
with a thiol (SH) group covalently bound to NO; thus, they are NO donors that act
through homolytic S_N bond cleavage and free NO release, which is indicated in
Eqg. (1) (De Oliveira et al., 2002; Shishido et al., 2003; Seabra and de Oliveira, 2004;
Schairer et al., 2012).

(1) 2RSNO — 2NO + RS-SR

In addition, RSNOs can transfer NO to other thiols in biomolecules, such as
cysteine-containing proteins, through an S-transnitrosation reaction (Schairer et al.,
2012). Important RSNOs, such as S-nitrosoglutatione (GSNO) and S-
nitrosopolyesters, have antibacterial activities against gram-negative and gram-

positive pathogens (Schairer et al., 2012; Seabra et al., 2010).
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NO is an important player in natural host defenses against microbes; however,
as a free radical, the therapeutic applications for NO are limited by a lack of effective
transport and delivery vehicles. Thus, there has been increasing interest in
developing NO-releasing materials in a safe, low-cost, controlled and sustained
manner for antimicrobial applications (Cabrales, 2011; Carpenter and Schoenfisch,
2012; Seabra and Duran 2010; Seabra et al., 2010). Polymeric nanoparticles for
biomedical applications, particularly delivery vehicles for bactericidal agents, have
been the center of intense investigations over the last few years (Seabra and Duran,
2012; Seabra et al., 2012; Mihu et al., 2010).

We have already reported a preparation technique for NO-releasing polymeric
nanoparticles composed of alginate/chitosan (Marcato et al., 2011, 2013). Indeed,
alginate/chitosan systems have been widely used at micro and macro scales for
biomedical applications because they have low toxicity and are biocompatible and
biodegradable (Marcato et al., 2011, 2013; Douglas et al., 2006). In particular,
chitosan is a versatility material that can be used to form fibers, films, gels, sponges,
beads or nano/micro particles (Dutta et al., 2011). Chitosan is a cationically charged
polymer derived from crustacean exoskeletons and can disrupt cellular membranes
and damage cell walls (Mihu et al., 2010). Therefore, chitosan has antimicrobial
activities against many pathogenic microorganisms such as fungi as well as gram-
positive and gram-negative bacteria (Dutta et al.,, 2011; Berezin et al., 2012).
Classically, chitosan/sodium tripolyphosphate (TPP) nanoparticles are the most
studied system for drug delivery. This system was first introduced by Calvo et al.
(1997). More recently, hybrid systems comprised by alginate and chitosan were
reported (Goycoolea et al., 2009; Marcato et al., 2013). This hybrid system has been
reported to improve some physical properties, such as the particle stability in
biological media, pharmacological performance in comparison with conventional

particles (i.e. comprised solely by chitosan/TPP) (Goycoolea et al., 2009).

In this work, biodegradable and biocompatible polymeric particles composed
of alginate/chitosan or chitosan/sodium tripolyphosphate (TPP) were prepared and
used to encapsulate mercaptosuccinic acid (MSA), which is a thiol-containing
molecule. Nitrosation of thiol groups in MSA-containing particles led yielded S-nitroso
MSA particles, which act as NO carriers and donors. The kinetics of NO release from

S-nitroso MSA particles were monitored for 12 h at a physiological temperature. The
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antibacterial activity of NO-releasing particles was evaluated by incubating the
particles with a S. aureus multi-resistant strain responsible for bovine mastitis. The
results indicate that NO-releasing polymeric particles could be used to combat

bacterial resistance as well as treat and prevent bovine mastitis.

2. Material and methods

2.1. Materials

The chitosan (105 kDa/~81% acetylation) was from Polymar, Ciéncia e Nutricao
S/A, Fortaleza, CE, Brazil. The alginate (~250 cps), mercaptosuccinic acid (MSA),
sodium nitrite, sodium tripolyphosphate (TPP), acetic acid, 5'5-dithiobis (2-nitrobenzoic
acid) (DTNB), and phosphate buffer saline (PBS), pH 7.4 were from Sigma, St. Louis,
MO, USA and used as received. The culture media were from Difco®. The disks used
for the agar diffusion technique were from Laborclin®. The aqueous solutions were
prepared using analytical grade water from a Millipore Milli-Q Gradient filtration system.

2.2. Bacterial strains

S.aureus (15) (MBSA) and E.coli (15) (MBEC) isolates were from subclinical
and clinical bovine mastitis, respectively. The field isolates were from farms in Central
Sao Paulo State with a history of chronic subclinical and clinical bovine mastitis
problems (Cabral et al., 2004; Ribeiro et al., 2006). An antimicrobial resistance profile
was determined using a disk-diffusion test (Cazoto et al., 2011) in accordance with
the Clinical Laboratory Standards Institute guidelines (CLSI, 2012). The strains were

stored at —80 °C in a 2.5 mol/L glycerol solution.

2.3. Synthesis of MSA-containing polymeric particles

In this work, four types of polymeric particles were prepared: (i)
alginate/chitosan (0.75 ratio) without MSA (control), (ii) alginate/chitosan (0.75 ratio)
with 4.0 mg/mL of MSA (26.5 mmol/L), (iii) chitosan-TPP particles without MSA
(control 2), and (iv) chitosan-TPP particles with 80 mg/mL MSA (0.53 mol/L).
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Alginate/chitosan particles with and without MSA were prepared using the
ionic gelation method, as previous described (Marcato et al., 2013). Initially, 0.266 g
of chitosan was dissolved in 10 mL of 1% acetic acid. After 24 h of magnetic stirring,
10 mL of deionized water was added to the chitosan solution followed by
homogenization at room temperature for 24 h. One milliliter of the chitosan solution
was added dropwise into a 200 mL aqueous solution with alginate (0.01 g) at pH 4.0
through magnetic stirring. This method was used to prepare alginate/chitosan
particles at the ratio 0.75 (control particles). For MSA-containing alginate/chitosan
particles, MSA (16 g) was added to the chitosan solution (prepared in 1% acetic acid)
followed by homogenization. Through magnetic stirring at room temperature, 1 mL of
the chitosan—MSA solution was added to the alginate solution at pH 4.0. This was
used to prepare aqueous solutions with alginate/chitosan particles and 26.5 mmol/L
of MSA (which corresponds to 4.0 mg/mL). Alginate/chitosan particles with
41.5 ymol/L of MSA were also prepared by adding a corresponding quantity of MSA

to the polymeric suspension.

Similarly, chitosan particles with and without MSA were prepared through
ionotropic gelation using chitosan and sodium tripolyphosphate (TPP), as described
by Tripathy et al. (2012). Briefly, 0.1 g of chitosan was dissolved in 100 mL of 1%
acetic acid. Through magnetic stirring at room temperature, 5 mL of the TPP
(0.6 mg/mL) solution was added dropwise into 15 mL of a 1 mg/mL chitosan solution.
The final mixture was stirred to prepare an aqueous solution with chitosan/TPP
particles. MSA (0.53 mol/L, 80 mg/mL)-containing particles were prepared by adding

8.0 g of MSA into a chitosan solution.

2.4. Scanning electron microscopy (SEM)

The particles were characterized using scanning electron microscopy (SEM).
Twenty microliters of MSA-polymeric particles was dropped on aluminum stubs,
sputter-coated for 2 min in a high-vacuum (Balt-Tec MED 020, Liechtenstein) gold
sputter-coating unit and were examined using a Jeol JSM T300 (Tokyo, Japan)

electron microscope.
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2.5. The average size and size distribution for polymeric particles in an

agueous medium

The average size and size distribution for MSA-polymeric particles with
alginate/chitosan or chitosan/TPP were measured using photon correlation
spectroscopy (PCS) (Nano ZS Zetasizer, Malvern Instruments Co.) at 25 °C in
polystyrene cuvettes with a 10 mm path length. The zeta potential was measured in
capillary cells with a 10 mm path length using the Nano ZS Zetasizer. The

measurements were performed in a 0.1 mmol/L sodium chloride solution.

2.6. MSA encapsulation efficiency in polymeric particles

The encapsulation efficiencies of MSA in alginate/chitosan and in
chitosan/TPP particles were measured by the UV-vis method, as already described
(Marcato et al., 2013). Briefly, free MSA was separated from polymeric nanopatrticles
by ultracentrifugation. A volume of 500 yL of polymeric nanoparticle solutions was
filtered in a Microcon centrifugal filter device containing ultrafiltration membranes
(MWCO 10,000, Millipore). The amount of free MSA in the ultrafiltrates was
measured by titration with a thiol-reacting 5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB),
based on the absorbance band at 412 nm (€ = 14.15 mmol L™* cm™) of the 2-nitro-5-
thiobenzoate anion, which is generated in the reaction of MSA with DTNB (Marcato
et al., 2013; Seabra et al., 2010). A volume of 0.5 mL of ultrafiltrated MSA was added
to 1.2 mL of 0.7 mmolL™* of DTNB in PBS buffer (pH 7.4), after 5 min of incubation
the absorbance at 412 nm was measured in a UV-vis Agilent 8453
spectrophotometer. The measurements were performed in triplicates. The
percentage of encapsulated MSA was determined by equation:

Encapsulation efficiency (EE%) = [(total MAS — free MAS total MSA)] x 100
total MSA



http://www.sciencedirect.com/science/article/pii/S0378517314004803?via%3Dihub&amp;bib0160
http://www.sciencedirect.com/science/article/pii/S0378517314004803?via%3Dihub&amp;bib0160
http://www.sciencedirect.com/science/article/pii/S0378517314004803?via%3Dihub&amp;bib0160

45

2.7. Nitrosation of MSA-containing polymeric particles

Thiol groups in MSA-containing polymeric particles were nitrosated by adding
equimolar quantities of sodium nitrite (NaNO2) directly into a polymeric aqueous
dispersion (pH 4.0). The final solution was homogenized with magnetic stirring for
30 min and protected from light. S-nitroso (S-NO)-polymeric particle formation was
characterized by the S-NO group absorption bands at either 336 nm
(€ = 922 mol L™ cm™) or 545 nm (¢ = 18 mol L™ cm™) using a UV-vis
spectrophotometer (Agilent, model 8453, Palo Alto) (Seabra et al., 2005).

2.8. NO release from polymeric particles at a physiological temperature

The kinetics for NO release from S-nitroso-MSA in alginate/chitosan or
chitosan/TPP patrticles in an aqueous solution were determined by monitoring the
spectral changes at 336 or 545 nm, which are associated with S_N bond cleavage
and free NO release (Seabra and de Oliveira, 2004). Kinetic data were collected at
these wavelengths at 30 min intervals at 37 °C for 12 h by dissolving the polymeric
particles in an agueous solution. The final S-nitroso-MSA concentrations were diluted
to 1.4 or 3.0 mmol/L, which correspond to 250 and 500 ug/mL, respectively. The
quantity of NO released was directly calculated based on the quantity of S-nitroso-
MSA decomposed, as previously described (Shishido et al., 2003). Each point on the
kinetic curves is the average from three independent experiments; the error bars
indicated the standard error for the mean. The initial rates of NO release through S-
nitroso-MSA decomposition were determined through linear regression of the curve
slopes, which was previously described (Shishido et al., 2003).

2.9. Cell viability assay

The HEp-2 cell line was cultured in a 96-well culture plate at
2.5 x 10° cells/well and incubated for 24 h. When the cells were confluent, the non-
adherent cells were removed by washing with sterile 0.01 mol/L phosphate buffer
saline (PBS). The media with different MSA-alginate/chitosan and S-nitroso-MSA-
alginate/chitosan particles concentrations (1-2000 ug/mL) were added to each well

with the cells, and the plates were incubated for 24 h. The control cells were only
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cultured in the growth medium. Cell viability was determined using the
dimethylthiazol diphenyl tetrazolium bromide (MTT, Sigma—Aldrich, USA) method in
accordance with the manufacturer's recommendation. The compound concentration
that inhibited cell viability by 50% (IC50) was determined through a regression
analysis. The 50% cytotoxicity concentration (CC50/24 h) and selectivity index (SI)
were calculated using the equation SI = CC50/IC50.

2.10. The antibiosis effect from NO-releasing polymeric particles evaluated

using the agar diffusion technique

The experiment was performed using three replicates for S-nitroso-MSA in
alginate/chitosan particles at two quantities (40 and 800 ug). The MSA-
alginate/chitosan particles were the negative controls (particles without NO and only
diluent). The antibiotic effect from the samples on the MBSA strains was evaluated
using Mueller Hinton agar plates. MBSA suspensions with 108 colony-forming
units (CFU)/mL) were grown to log phase, and the diffusion disks were treated with
the samples. The plates were incubated at 35 °C for 24 h, and the inhibition halo
diameter size was evaluated (mm). The experiment was repeated three times, and
the antibiosis effect was determined by measuring the inhibited halo size around the
disk.

2.11. Determining the minimal inhibitory concentration (MIC)

The MICs were determined using micro-dilution assays in 96-well plates, as
suggested by the CLSI (2012). Briefly, single bacterial culture colonies were grown in
Mueller-Hinton agar media, diluted in a saline solution and adjusted to 0.5 using the
MacFarland scale, which corresponds to 1.5 x 108 CFU/mL. Next, the bacterial
suspensions were diluted in Mueller-Hinton broth and plated in 96-well plates at
5.0 x 10° CFU/well. Finally, different S-nitroso-MSA-alginate/chitosan or S-nitroso-
MSA-chitosan/TPP particle (NO-releasing) concentrations were added to each well to
determine the MIC values. As negative controls, MSA-alginate/chitosan, MSA-
chitosan/TPP particles, free S-nitroso-MSA (non-encapsulated), and only diluent
were added to the plates at equal concentrations. The plates were incubated at 37 °C
for 18 h, and the optical density values at 600 nm were determined using a Bio-Rad
Microplate Reader Model 3550.
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2.12. Kill-growth curve

To quantify the effects from the NO-releasing polymeric particles (at the final
concentrations 250 and 500 pg/mL, which corresponds to 1.4 and 3.0 mmol/L,
respectively) on the bacterial growth, time—-response growth curves were generated
(CLSI, 1999). Briefly, a single colony forming unit (CFU) for each MBSA strain was
diluted in Mueller-Hinton broth and grown for 18 h at 37 °C and 200 rpm with
constant stirring. Next, each culture was adjusted to 0.5 using the MacFarland scale
and inoculated at 10 CFU/mL in 2 mL of Mueller-Hinton broth. Each strain culture
was divided into two new cultures at 1 mL each. One culture group received the NO-
releasing polymeric particles (S-nitroso-MSA-alginate/chitosan or S-nitroso-MSA-
chitosan/TPP particles), and the control groups received the vehicle particles (MSA-
alginate/chitosan or MSA-chitosan/TPP particles), as well as, only bacteria (growth
control). The bacterial cultures were incubated at 37 °C with constant stirring
(200 rpm). At different times, aliquots of the broth were collected, serially diluted in
the saline solution, plated on Mueller-Hinton agar media and grown for 18 h at 37 °C
to determine the total CFU for each culture. Based on the previous tests, additional
curves were generated under the same conditions as described above by introducing
a second dose after incubating for 12 h and with the same nanoparticle
concentration. The second dose of S-nitroso-MSA particles was applied in order to
enhance the efficiency of S-nitroso-MSA-patrticles.

2.13. Statistical analysis

The data were analyzed using a one-way ANOVA; the difference among the
means was determined using the Tukey post-hoc test (p < 0.05). The statistical

analyses were performed using BioEstat version 5.0 software.
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3 Results and discussion

3.1. Synthesis and characterization of MSA-containing polymeric particles

To explore the role of NO in antimicrobial activity, this unstable molecule must
be delivered to an application site in a controlled and non-toxic manner. Thus,
biodegradable and biocompatible polymeric particles are interesting platforms for
drug delivery (Seabra and Duran, 2012). Alginate and chitosan are natural
polysaccharides that are broadly used in pharmacological applications (Vinsova and
Vavrikova 2011; Zohri et al., 2013). Chitosan is generated through chitin
deacetlylation; furthermore, because it includes free amino groups, it has a positive
charge and can therefore react with negatively charged molecules, such as DNA
(Tripathy et al., 2012). Moreover, chitosan may have antimicrobial properties
(Wiarachai et al., 2012), and thus, chitosan with an NO donor might potentiate
antibacterial activity in the particles. Therefore, NO-releasing polymeric particles may
be important for biomedical applications, such as antimicrobial activity (Seabra and
Duran, 2010).

In this work, alginate/chitosan and chitosan/TPP particles were prepared as
vehicles for NO-releasing systems. Fig. 1(A—C) shows scanning electron microscopy
(SEM) images for the 0.75 ratio of alginate/chitosan particles without MSA (Fig. 1A)
and at two different MSA concentrations (Fig. 1B,C). As previously reported, the non-
spherical particle shapes may be due to the drying process used for the SEM
analyses (Marcato et al., 2013). Fig. 1A,B shows images of well-dispersed particles
on a nano scale, whereas Fig. 1C shows such particles on a micro scale. Clearly,
adding MSA at low levels (41.5 pmol/L) to alginate/chitosan particles (Fig. 1B) did not
affect the size and shape of pure alginate/chitosan particles (Fig. 1A). In contrast,
adding MSA at high concentrations (26.5 mmol/L) to alginate/chitosan particles (Fig.
1C) generated particles on a micro scale. Probably, alginate/chitosan complexes with
different morphologies are formed in this case, and further studies are required to

clarity this issue.
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Fig. 1. Scanning electron microscopy (SEM) images for (A) 0.75
alginate/chitosan particles, (B) 0.75 ratio alginate/chitosan particles with MSA
(41.5 pymol/L), (C) 0.75 ratio alginate/chitosan particles with MSA (26.5 mmol/L), and
(D) chitosan/TPP particles with MSA (0.53 mol/L).

The alginate/chitosan particles were spontaneously formed through ionic
gelation at room temperature (Douglas et al., 2006; Marcato et al., 2013). Polyionic
complex formation in alginate/chitosan is dictated by electrostatic interactions
between negatively charged alginate and positively charged chitosan (Douglas et al.,
2006).

Fig. 1D shows an SEM image for chitosan/TPP particles with MSA
(0.53 mol/L). Spherical particles on a nano scale with good polydispersity were
observed. Chitosan/TPP nanoparticles with MSA were successfully prepared through
ionic gelation. Cationic chitosan readily reacts with multivalent counter ions, such as

TPP, to yield a network structure (Tripathy et al., 2012).

In this work, both alginate/chitosan and chitosan/TPP particles with MSA were
prepared through ionic gelation process upon mixing aqueous phases at room

temperature. This process is due to the positively charged chitosan chains that
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undergo a liquid—gel transition upon contact with negative alginate chains or TPP
polyanions, which forms beads (Tripathy et al., 2012; Douglas et al., 2006; Marcato
et al., 2013). This process is spontaneous under mild conditions and yields polymeric
particles without high temperatures, organic solvents, surfactants or sonication
(Wiarachai et al., 2012).

In an aqueous solution, particle size was established through dynamic light
scattering (DLS). Alginate/chitosan particles at the ratio 0.75 had, on average, a
375 nm hydrodynamic size, 0.29 polidispersity index (PDI) and +16 mV zeta
potential, which is consistent with our previous report (Marcato et al., 2013). The
positive potential indicates the presence of chitosan chains on the particle surfaces.
Adding MSA (41.5 ymol/L) to alginate/chitosan generated particles with, on average,
a 377 nm hydrodynamic size, 0.31 polidispersity index (PDI) and +17 mV zeta
potential. Thus, it is likely that MSA addition to the nanoparticles at this concentration
does not change the particle size and distribution. However, adding higher MSA
concentrations (26.5 mmol/L) increased the average hydrodynamic size for
alginate/chitosan to ca. 750 nm. This result indicates that higher MSA concentrations
with alginate/chitosan generates particles with micro-size sizes, as demonstrated
through SEM (Fig. 1C).

The measurements of encapsulation efficiency of MSA in polymeric particles
were carried out by quantitative reaction of ultrafiltrate isolated free MSA with DTNB,
a thiol specific reagent, as previous described (Marcato et al., 2013). DTNB reacts
rapidly with thiols forming TNB?~, which has a characteristic absorption band at
412 nm (Riddles et al., 1983). Encapsulation efficiencies for MSA (at concentrations
41.5 ymol/L and 26.5 mmol/L) in alginate/chitosan were found to be 94 + 8% and
89 + 3%, respectively. These results reveal a high encapsulation efficiency of the

small molecule MSA into alginate/chitosan particles.

Fig. 2 shows a representative particle size distribution for chitosan/TPP
particles with MSA (0.53 mol/L) in an aqueous solution. The chitosan/TPP/MSA
nanoparticle size was in the range 25-400 nm with an average diameter at 277 nm
and 0.35 polidispersity index (PDI). Our data are consistent with the previous reports,
wherein the chitosan/TPP particles had average diameters at 150-350 nm
(Wiarachai et al., 2012; Tripathy et al., 2012). Moreover, chitosan/TPP nanoparticles
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with MSA (0.53 mol/L) or without MSA are primarily characterized by a positive zeta
potential (+6 mV and +10 mV, respectively) due to a positively charged amine group
on the nanoparticle surface. The positive surface charge on alginate/chitosan or
chitosan/TPP particles facilitates a direct interaction between the polymeric particles
and the negatively charged bacteria membranes. Encapsulation efficiency of MSA
(0.53 mol/L) in chitosan/TPP particles were found to be 86.8 £ 5.3%. High levels of
MSA were encapsulated into both alginate/chitosan and chitosan/TPP particles,

highlighting the success of particles preparation.
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Fig. 2. Representative particle size distribution for chitosan/TPP particles with MSA
(0.53 mol/L) in an aqueous solution.
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3.2. Nitrosation of MSA-containing polymeric particles

Thiol groups (SH) of MSA-containing alginate/chitosan or chitosan/TPP
particles were nitrosated, leading to the formation of S-nitroso-MSA-particles.
Nitrosation was performed in aqueous solution by adding sodium nitrite (NaNO2),
which formed nitrous acid (HNO:2), the nitrosating agent, in an acidic aqueous

solution, which is shown in Eq. (2).

(2) RSH + HNO2 — RSNO + H20

RSH corresponds to MSA, and RSNO corresponds to S-nitroso-MSA. To
avoid excess unreacted reagent, equimolar quantities of sodium nitrite (compared to
MSA) were added to the polymeric particle solutions.

The MSA nitrosation yielded S-nitroso-MSA, which was confirmed through
detecting two characteristic absorption bands for S-nitroso (S-NO) groups in the UV
(at 336 mm, m — 1, € = 922 mol™* L cm™') and visible region of the spectrum (at
545 nm, nn — 1, € = 18 mol™ L cm™"). Both the bands are associated with electronic
transitions for the S-NO group (De Oliveira et al., 2002; Seabra et al., 2005). Thus, S-
nitroso-MSA in alginate/chitosan or chitosan/TPP particles were successfully

prepared.

3.3. NO release profile from polymeric particles in an aqueous solution at

physiological temperature

The kinetics for NO release from S-nitroso-MSA 1.4 or 3.0 mmol/L (which
correspond to 250 and 500 pg/mL, respectively) in alginate/chitosan or chitosan/TPP
aqueous solutions were monitored through the spectral changes at 336 or 545 nm.
The decrease in these absorption bands corresponds to S-nitroso-MSA
decomposition with free NO release, which has been reported for other S-
nitrosothiols (RSNOs) (Seabra et al., 2004). This calculation is based on the RSNO
absorption band decay, such as for S-nitroso MSA, at 336 or 545 nm, which can be

solely associated with homolytic cleavage of the S_N bond and NO release in
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accordance with Eq. (1) (Shishido et al., 2003). RSNO decomposition, such as for S-
nitroso MSA, releases free NO and mercaptosuccinic acid dimers that are bound
through a sulfur bridge (RS—SR), as previous described (Seabra et al., 2010; Seabra
and de Oliveira, 2004; Molina et al., 2013).

Fig. 3 shows kinetic curves for thermal NO release from S-nitroso MSA at the
concentrations 1.4 and 3.0 mmol/L (250 and 500 pg/mL, respectively) for
alginate/chitosan or chitosan/TPP particles dissolved in an aqueous solution at 37 °C
and protected from light, as indicated in the figure. Clearly, NO is spontaneously
released from S-nitroso MSA-containing polymeric particles in an aqueous solution at
a physiological temperature. In all cases, the NO release profile sharply increase in
the first ca. 4 h then continue to increase at progressively lower rates after the initial
burst; the release reaches a plateau after ca. 10 h under the experimental conditions.
The quantity of NO released from S-nitroso MSA polymeric particles in an aqueous
solution was found to be in the millimolar range. This NO release profile might be
useful for biomedical applications, such as antibacterial activity. Moreover, Fig. 3
shows that greater NO quantities were released from S-nitroso MSA for the
chitosan/TPP particles compared with the alginate/chitosan patrticles, for the same S-
nitroso MSA concentration. Fig. 4 compares the magnitudes for the initial rates of NO
release, which were calculated from the curves in Fig. 3. The initial NO release rate
for S-nitroso MSA in alginate/chitosan particles at 1.4 mmol/L was
0.16 £ 0.01 mmol L™t h™* (Fig. 4(i)), whereas the initial rate increased 2-fold
(0.34 + 0.03 mmolL"'h™") (Fig. 4(ii)) when the S-nitroso MSA concentration was
doubled (3.0 mmol/L). This result is consistent with the autocatalytic effect on NO
release from RSNOs, which was previously reported (De Oliveira et al., 2002). For
chitosan/TPP patrticles, the initial NO release rate from S-nitroso MSA at 1.4 mmol/L
was 0.22 + 0.02 mmolL™*h™* (Fig. 4(iii)), whereas the value  was
0.79 £ 0.07 mmolL™th™ (Fig. 4(iv)) for the MSA concentration at 3.0 mmol/L. Figs. 3
and 4 show that the rate and extent of NO released from chitosan/TPP particles were
greater compared with alginate/chitosan particles, at the same concentration. This
result indicates that alginate delays the rate of NO release from the particles. This
effect might be due to a stronger interaction between S-nitroso-MSA and alginate in
the particle. NO release from polymer particles depends on various mechanisms,

such as desorption, diffusion, particle erosion or a combination of such factors,
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including desorption from the surface; diffusion through the pores or a wall; and
hydropolymeric structure disintegration, dissolution or erosion (Cruz et al., 2006). A
previous study demonstrated that the release mechanism for NO from
alginate/chitosan particles was consistent with a classic Fickian diffusion model
(Marcato et al., 2013). It must be noted that as chitosan and alginate are
biodegradable polymers, the rates of NO release from these polymeric particles in

the biological system may differ from the profile shown in Fig. 3.
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Fig. 3. NO release profile for S-nitroso-MSA-polymeric particles in aqueous solutions
in the dark at 37 °C for 12 h. Alginate/chitosan particles with S-nitroso MSA at
1.4 mmol/L (250 pg/mL) (i) and 3.0 mmol/L (500 pg/mL) (ii). Chitosan/TPP particles
with S-nitroso MSA at 1.4 mmol/L (250 pyg/mL) (iii) and 3.0 mmol/L (500 pg/mL) (iv).
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Fig. 4. Initial NO release rates for S-nitroso MSA-polymeric particles in aqueous
solutions in the dark at 37 °C for 12 h. Alginate/chitosan particles with S-nitroso MSA
at 250 pg/mL (1.4 mmol/L) (i) and 500 pg/mL (3.0 mmol/L) (ii). Chitosan/TPP
particles with S-nitroso MSA at 250 pg/mL (1.4 mmol/L) (iii) and 500 pg/mL
(3.0 mmol/L) (iv).

To mimic the conditions during the bacteria assays, NO release was
measured without light such that NO production was limited to thermal S-nitroso MSA
decomposition and not photolytic cleavage of RSNO (Shishido et al., 2003; Seabra et
al., 2004). Our data show that NO in the millimolar range is spontaneously released
from polymeric particles in an aqueous solution at a physiological temperature for
long periods of time (ca. 10 h). Hetrick et al. (2009) reported antibacterial effects from
NO-releasing silica nanoparticles, wherein the NO release profile was at a maximum
in a few minutes. The authors stated that rapid NO release from silica nanoparticles

generated a greater immediate NO concentration in the solution, which may optimize


http://www.sciencedirect.com/science/article/pii/S0378517314004803?via%3Dihub&amp;bib0275
http://www.sciencedirect.com/science/article/pii/S0378517314004803?via%3Dihub&amp;bib0275
http://www.sciencedirect.com/science/article/pii/S0378517314004803?via%3Dihub&amp;bib0125

56

the antibacterial effects from NO (Hetrick et al., 2009). Similarly, NO-release from a
silane hydrogel platform was used as antibacterial agent against methicillin-
resistant S. aureus. Amperometric analyses demonstrated immediate NO release
from the silane hydrogel after 70 min in an aqueous solution (Martinez et al.,
2009). Mihu et al. (2010) reported an antibacterial effect from NO-releasing chitosan-
based nanoparticles against Acinetobacter baumannii (Ab). Kinetic measurements
demonstrated sustained NO release for up to ca. 24 h after an initial peak (Mihu et
al.,, 2010). The Kkinetic profile for NO release reported herein is typical for S-
nitrosothiol- or NONOate-based nanomaterials with an initial NO burst in the range
0.3-5 h; the NO is fully released after 12—24 h (Carpenter et al., 2012; Cabrales et
al., 2010; Privett et al., 2012; Sun et al., 2012).

3.4. Cell viability assay

It was impossible to determine the 50% cytotoxic concentration for HEp-2 cells
incubated with MSA-alginate/chitosan particles because 84% of the cells were viable
even with the highest concentration tested (2000 pg/mL), which was demonstrated
using the MTT assay. The CC50/24 h and Sl (selectivity index) for S-nitroso-MSA-
alginate/chitosan particles were 640 pg/mL and 2.56, respectively. It must be noted
that the concentrations of the S-nitroso-MSA used in antibiosis assays were lower
than the cytotoxic concentration (CC50%).

3.5. Diffusion disc-mediated antibiotic treatments against MRSA strains

As an initial screen to evaluate antimicrobial activity for the NO-releasing
polymeric particles, the diameters were measured for the zone of inhibition generated
by MBSA and MBEC exposure to MSA-alginate/chitosan and S-nitroso-MSA-
alginate/chitosan particles. The results show that the zones were the same size for
MBEC exposed to both particles (approximately 67 mm). In contrast, for MBSA, the
S-nitroso-MSA-alginate/chitosan inhibition zone (approximately 9-10 mm) was larger
compared with the MSA-alginate/chitosan particles (without NO). These results show
that NO-releasing polymeric particles inhibited S. aureus growth, however this
material was not efficient for E. coli. This apparent discrepancy can be understood by
considering that S.aureus and E.coli were isolated from subclinical and clinical

bovine mastites, respectively, and gram-negative bacteria are considered more
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resistant to some antibiotics. Although some reports describe the efficacy of NO-
releasing vehicles against E. coli, in this present work we did not observe this effect.
Probably, these E. coli isolates have resistance mechanisms against NO and
therefore counteract nitrosative stress. E. coli strains displayed the lowest
susceptibility to NO-nanoparticles whereas gram-positive bacteria strains were the
most susceptible. The bacterial species evaluated were susceptible to NO-
nanoparticles in the following order: Streptococcus pyogenes > Enterococcus
faecalis > Klebsiella pneumoniae > Pseudomonas aeruginosa > E. coli. NO-
nanoparticles displayed broad antimicrobial activity against gram-positive and -
negative bacteria, including strains resistant to multiple antibacterial agents

(Friedman et al., 2011). Further studies are undertaking to clarify this point.

3.6. Minimal inhibitory concentration (MIC)

For the MBSA strains, the MICs were 2000 pg/mL and in the range 125-
250 yg/mL for MSA-alginate/chitosan and S-nitroso-MSA-alginate/chitosan particles,
respectively. For the MBEC strains, the MICs were higher than 2000 ug/mL for MSA-
alginate/chitosan and S-nitroso-MSA alginate/chitosan particles, which indicates that
such particles did not produce an antibacterial effect for E. coli. For the MBSA and
MBEC strains, the MICs were found to be higher than 1000 ug/mL for free S-nitroso-
MSA (non-encapsulated), indicating that the encapsulation of the NO donor in
polymeric nanoparticles is important for obtaining the antibacterial activity. The
encapsulation of S-nitroso-MSA into the polymeric nanoparticles led to a sustained

and controlled NO release, which have a potent antimicrobial effect.

These compounds do not have breakpoints because they are new
antimicrobials. Therefore, four strains (MBSA 04, MBSA 19, MBEC 01, and MBEC

10) were selected based on our initial results for the growth and viability curves.

3.7. Growth and viability curves

Fig. 5 shows the antibacterial effects from NO-releasing polymeric particles
against MBSA 19 after incubating for 24 h. Fig. 5A,B shows the colony forming units
(CFUs) for the MBSA 19 strain exposed to S-nitroso-MSA alginate/chitosan patrticles,
MSA-alginate/chitosan particles, at the concentrations 250 and 500 pg/mL, and only

the bacteria in the culture medium (control), as indicated in the figures. The arrows
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indicate that the samples were applied to the bacterial culture medium in a second
dose. A second dose of S-nitroso-MSA particles was applied in order to enhance the
decrease of the number of CFU, as can be observed in the Fig. 5. Similarly, Fig.
5C,D shows the MBSA 19 strain CFU, which was incubated with S-nitroso-MSA-
chitosan/TPP, MSA-chitosan/TPP at the concentrations 250 and 500 pg/mL, and only
the bacteria in the culture medium (control), as indicated in the figures.
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Fig. 5. Time-kill curves for the Staphylococcus aureus bovine mastitis strain 19
(MBSA 19) exposed to (A) and (B) S-nitroso-MSA alginate/chitosan particles and
MSA-alginate/chitosan particles (control) at 250 and 500 ug/mL, respectively; and (C)
and (D) S-nitroso-MSA chitosan/TPP particles and MSA-chitosan/TPP particles at
250 and 500 pyg/mL, respectively. Notes — straight line, control; dashed line, NO-
releasing particles; and arrows, application of a second dose at the same

concentration. Negative control, only bacteria in the culture medium.
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Fig. 5 shows that MSA-containing polymeric particles slightly decreased the
number of CFU, in comparison with the control group. This can be explained as
chitosan is known to have antimicrobial properties. In the case of MSA-containing
polymeric particles, the number of CFUs increased with the incubation time, which
was expected. For the S-nitroso-MSA particles, the number of CFUs slightly
decreased over time during the first few hours. However, this number increased after
exposition for ca. 7 h. Thus, the S-nitroso-MSA polymeric particles (at the same
concentration) were added to the bacteria medium in a second dose after 12 h, which
Is indicated by the arrows in Fig. 5. The second dose of either S-nitroso-MSA
alginate/chitosan or S-nitroso-MSA chitosan/TPP particles decreased the number of
CFUs. In particular, Fig. 5A shows that adding a second dose of S-nitroso-MSA
alginate/chitosan (at the concentration 250 ug/mL) the number of CFU was 100-fold
lower compared with MSA-alginate/chitosan (p < 0.05). Similarly, Fig. 5(B) shows
that the number of CFU, after incubating for 4 and 7 h, were 10-fold and 1000-fold
lower compared with the MSA-alginate/chitosan particles (p < 0.05). Moreover, upon
the addition of a second dose after 12 h of incubation, the number of CFU drastically
decreased (Fig. 5B).

Fig. 5C shows that the number of CFUs was 100-fold lower when MBSA 19
was incubated with S-nitroso-MSA-chitosan/TPP patrticles (250 pyg/mL) compared
with MSA-chitosan/TPP (p < 0.05). However, after adding the second dose of NO-
releasing particle at the same concentration, the number of CFUs did not decrease
over time (Fig. 5C). Fig. 5D shows that the number of CFUs after 7 h of incubation
with S-nitroso-MSA-chitosan/TPP (500 pg/mL) were ca. 1000-fold lower compared
with  MSA-containing particles (p < 0.05). Moreover, adding a second dose of S-
nitroso-MSA-alginate/chitosan (at same concentration) eliminated the bacteria (Fig.
5D).

Our results demonstrate that NO-releasing polymeric particles are an
alternative approach to fighting multi-resistant S. aureus. Such NO-releasing particles
efficiently produce antibacterial effects during first few hours of application (up to ca.
7 h), which is demonstrated in Fig. 5. Thereafter, the number of CFUs increased,
hence, a second dose of the NO-releasing particles were necessary. This result is
consistent with the kinetic profile for NO release using both polymeric particles (Fig.

3). As indicated in Fig. 3, both particles release NO in an initial burst during the first
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few hours; thus, more antibacterial activity using such materials is expected for this
time-frame. Fig. 3 presents the NO release profile from polymeric nanopatrticles at the
two tested concentrations. It can be observed that there is an initial burst of NO
release, in the first hours, followed by a slow release, until a plateau is reached. As
expected, higher concentration of S-nitroso-MSA reaches the plateau in longer time-
frame, compared with lower concentration of the NO donor. The plateau is reached
between 5-11 h, depending on the concentration (Fig. 3). This data corresponds to
the observed antibacterial activity, in which the CFU started to increase after ca. 7 h

of incubation (Fig. 5), indicating the need of a second dose of the NO donor.

Although the kinetics were performed at the same nanoparticles and S-nitroso-
MSA concentrations, and same temperature of the biological experiment (bacteria
incubation), caution must be taken to direct correlates the NO release profile and the
biological effect (antibacterial activity). In the biological medium, S-nitroso-MSA might

have direct reactions with biomolecules, leading to the different effects.

Due to the mucoadhesive property of alginate/chitosan and high levels of NO
released, NO-releasing nanoparticles are claimed to be topically applied directed to
the infected mammary gland area, where NO released would have locally
antibacterial effects (Seabra and Duran, 2012). The antimicrobial resistance profiles
for S. aureus isolates illustrate a global problem that demands an intense search for
new drugs and alternative strategies to increase antibacterial therapeutic success.
Notably, the antibacterial effects observed herein were produced by bacterial strains
from clinical and subclinical bovine mastitides at different clinical stages with certain
levels of antimicrobial resistance that complicates the disease treatment. Penicillin
and its derivatives are recommended for treating bovine mastitis caused by gram-
positive pathogens, and regularly monitoring beta-lactamase production
in S. aureus is recommended for herds with endemic mastitis (De Oliveira et al.,
2000). However, over the last few decades, the number of S. aureus isolates
resistant to penicillin has increased globally. For instance, in the United States, more
than 70% of isolates from mastitis are penicillin-resistant, while in Brazil and Ireland,
this index is ca. 85% (De Oliveira et al., 2000). Moreover, multiple drug resistance to
streptomycin, sulfamethoxazole, ampicillin, or tetracycline for coliform mastitis strains
has been reported (Bengtsson et al., 2009). In this work, the S. aureus isolates

MBSA 13 and MBSA 19 displayed intermediary resistance to erythromycin, while
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twelve of the fifteen S. aureus isolates analyzed (80%) were resistant to penicillin.
The mastitis bovine E. coli strains were resistant to NO-releasing polymeric particles
(data not shown), which demonstrates that such bacteria have defenses against NO,
but S. aureus does not.

Several studies have described antimicrobial effects from NO (Seabra et at.,
2010; Martinez-Ruiz et al.,, 2011). The mechanism NO uses for its antibacterial
activity reportedly involves forming reactive nitrogen and oxygen species (Martinez-
Ruiz et al., 2011). NO readily reacts with superoxide (Oz._), which is a by-product
from bacteria respiration and forms the unstable oxidant peroxynitrite (ONOQO?), as
shown in Eg. (3). NO toxicity more likely results from a diffusion-limited reaction
between NO with superoxide, which produces the powerful and toxic oxidant

peroxynitrite (Cabrales, 2011).

(3) NO + 02— — ONOO-

Administering exogenous NO at concentrations greater than 1 pmol/L
reversibly inhibits cytochromo-c oxidase, which may transiently increase superoxide
leakage from the electron transport chain (Cabrales, 2011). Peroxynitrite has greater
cytotoxic potential compared with NO or Oz~ alone. Once formed, ONOO™ reacts
with several biomolecules, such as DNA, lipids and proteins (Martinez-Ruiz et al.,
2011). As a potent oxidant agent, peroxynitrite promotes tyrosine residue nitration
and sulfhydryl oxidation for important proteins (Martinez-Ruiz et al., 2011; Radi et al.,
1991). Moreover, peroxynitrite may also alter calcium homeostasis and promote
mitochondrial permeability at the transition pore, which is a mitochondrial signal for
cell death (Radi et al., 2002). Notably, NO's antimicrobial activity depends on its
concentration. For NO concentrations greater than 1 umol/L, oxidative and nitrosative
damage has been observed (DNA deamination, inhibited enzymes, and lipid
peroxidation) (Schairer et al., 2012; Sun et al., 2012). In addition to peroxynitrite, NO
reactions with oxygen or reactive oxygen species may also form additional

oxidative/nitrosative species, such as nitrogen dioxide, dinitrogen trioxide and
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dinitrogen tetroxide (Carpenter et al., 2012). All such reactive species have potent
antimicrobial effects (Privett et al., 2012; Sun et al., 2012).

Free NO and RSNOs may vyield antimicrobial activity, such as with S-nitroso-
MSA, an NO donor. RSNOs can directly react with the DNA structure, which inhibits
DNA repair and increases genotoxic agent production, such as hydrogen peroxide
(Schairer et al., 2012). RSNOs can react with sulfhydryl groups in biomolecules, such
as proteins, through the bimolecular reaction transnitrosation by donating an NO* to
the sulfhydryl group (Schairer et al., 2012). This reaction mediates toxicity against
microbes (Schairer et al., 2012). Evidence suggests that NO or RSNOs may be
involved in a signaling pathway for bacteria (Cabrales, 2011). Therefore, the
antibacterial effect observed herein may be attributed to either free NO, which is
released from the particles, or an S-nitroso-MSA reaction with pathogenic

biomolecules.

Endogenously generated NO is directly related to bovine mastite infection
(Rainard and Rioleet, 2006). During infection, inducible nitric oxide synthase (iNOS)
is overexpressed (MacMicking et al., 1997), which produces elevated NO
concentrations, and NO reacts with oxygen/superoxide and yields nitrite (NO2 ),
nitrate (NOs"), and peroxynitrite. In fact, the NOx concentration in milk from clinically
affected cows was 2-fold higher compared with normal animals (Osman et al., 2010).
Moreover, NO release from milk leucocytes was observed upon stimulation by
bacterial products, such as LPS or staphylococcal enterotoxin (Bouchard et al.,
1999), and bovine macrophages secrete high quantities of NO upon stimulation with
gram-positive bacteria (Jungi et al., 1999). Evidence suggests that xanthine oxidase
in milk fat globules catalyzes NO production from nitrite, which can generate
peroxynitrite (Rainard and Rioleet, 2006). In fact, bovine milk (rich in xanthine
oxidase) is bacteriostatic to E. coli when nitrite is added (Hancock et al., 2002).
Therefore, INOS induction in mammary tissue and the increased NO concentrations
mastitic milk suggest that NO is important role for mastitis pathophysiology.
Consequently, herein, exogenous NO from S-nitroso MSA-polymeric particles was
incubated with multi-resistant bacteria that cause bovine mastitis to mimic this

endogenous animal defense.
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The application of exogenous NO donors might be an alternative for
antibacterial activity against bacteria resistant to traditional antibiotics. As intercellular
messenger, NO is a nonspecific host defense against intracellular pathogens and
bacteria (Cabrales, 2011). Bacteria are unable to develop a resistance to exogenous
NO because its toxicity is based on multiple mechanisms (Privett et al., 2012). Due to
its hydrophobicity and small size, NO readily diffuses across bacterial membranes
and initiates several nitrosative and oxidative reactions. In this context, bacteria
resistance to NO is hindered based on the diverse NO antimicrobial mechanisms.
Multiple, simultaneous bacterial mutations are necessary to resist the NO
antimicrobial activity (Privett et al., 2012). Thus, NO-releasing polymeric particles are
cheap, safe, and have antimicrobial activity for treating and preventing bovine

mastitis to which bacteria are unlikely to develop resistance.

4. Conclusions

In this work, NO-releasing polymeric particles composed of alginate/chitosan
or chitosan/TPP were prepared. The particles had hydrodynamic size in the range
270-375 nm and good dispersity. Thiol groups in MSA-containing polymeric particles
were nitrosated and formed S-nitroso-MSA particles, which are spontaneous NO
donors. The NO release profiles for polymeric particles were monitored for 12 h in an
aqueous solution. NO release though an initial burst was observed and correlated
with antibacterial activity against multi-resistant S. aureus bovine mastitis. The results
suggest that NO-releasing polymeric particles might be used to combat bacteria in

treating and preventing bovine mastitis.
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5. CONCLUSAO

As nanoparticulas poliméricas doadoras de NO séo eficazes na atividade
antibacteriana, e apresentam um grande potencial no tratamento e prevencdo de

mastite bovina causa por Staphylococcus aureus.

O biofilme bacteriano pode ser evitado e eliminado pelas nanoparticulas

poliméricas liberadoras de NO.
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ANEXO

Atividade anti-biofilme

Metodologia

A atividade anti-biofilme foi avaliada em microplacas de 96 poc¢os com
superficie de poliestireno (TPP®), segundo a metodologia de Borges e
colaboradores (2012).

1- Cepas bacterianas

Cepas de Staphylococcus aureus ATCC 25923, S. aureus de vacas com
mastite bovina (MBSA) subclinica cepa 4, e MBSA subclinica cepa 19, foram
utilizadas no estudo. As bactérias foram mantidas em meio Brain Heart Infusion
(BHI) (Oxoid®) com 20% de glicerol (Merck®), a uma temperatura de — 80 °C, até o

momento do uso.
2- Particulas poliméricas

As particulas poliméricas de alginato/quitosana com S-nitroso e &cido
mercaptosuccinico (MSA) com liberacdo de Oxido nitrico (NO) foram utilizadas nas
concentracoes de 250 e 500 pg/mL, as mesmas do estudo anterior (Cardozo et al.,
2014).

3- Biofilme bacteriano

As células bacterianas foram crescidas em meio de cultura Tryptic Soy
Broth (TSB) (BD™), a uma temperatura de 37 °C, por 18 h. A cultura bacteriana foi
centrifugada (2.000 g durante 5 min). O precipitado bacteriano foi lavado com
tampéao fosfato-salino (PBS) (0,15 M e pH 7,2) esterilizado; e ressuspendido em
TSB para a concentracdo de 1,0 x 108. Duas concentracdes de nanoparticulas (250

e 500 pg / mL) foram testadas.
4-  Atividade na formacéao do biofilme

Para analise da formacdo de biofilme foram transferidos 20 pL da

suspensao de células e 180 pyL de TSB com as diferentes concentracfes de
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nanoparticulas poliméricas. As placas de 96 pocos foram incubadas por 24 h, a uma
temperatura de 37 °C.

5- Atividade em biofilme maduro

Para a andlise do efeito das nanoparticulas poliméricas sobre o biofilme
maduro, foram adicionados em cada poco da placa 20 pyL da suspenséao celular e
180 pL de TSB. Apos 24 h de formacao do biofilme, a uma temperatura de 37 °C, o
meio foi aspirado de cada poco, e posteriormente lavado com PBS. Posteriormente
200 pL de TSB contendo as nanoparticulas poliméricas nas concentracdes de 250 e
500 pg/mL foram adicionados aos pocos, e a placa foi incubada por mais 24 h, a

uma temperatura de 37 °C.
6- Avaliacao dainibicao do biofilme (leitura)

A concentragao inibitoria minima dos biofilmes em % de inibig&o foi calculada
comparando pocos controle livre de nanoparticulas poliméricas. Uma aliquota de
200 pL de XTT (2,3-Bis-(2-Methoxy-4-Nitro-5-Sulfophenyl)-2H-Tetrazolium-
5-Carboxanilide) - menadiona (0.5 mg/mL de XTT e menadiona a 1 mM) foi
adicionada a cada poco , as placas foram entéo incubadas no escuro a 37 ° C por 90
minutos, depois foi medida a densidade o6ptica em 490 nm com um leitor de

microplacas (Synergy HT, Biotek). Os ensaios foram realizados em triplicata.

Resultados

Os resultados da atividade anti-biofilme das nanoparticulas poliméricas
liberadoras de NO encontram-se na tabela 1.

A atividade anti-biofilme das nanoparticulas liberadoras de NO foi maior para
os biofilmes maduros quando comparada com a sua formacéo, para todas as cepas
testadas. E a concentracdo de 500 pg/mL foi mais eficiente em todas as situacdes
(tipo de biofilme, tratamento e cepas bacterianas).

Em relacdo ao tratamento (com e sem liberacdo de NO), ndo houve diferenca
na atividade anti-biofilme, com excecao da cepa MBSA 19, na formacédo do biofilme,

em que a presenca do NO inibiu mais a formacao do biofilme bacteriano.
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Tabela 1- Atividade das nanoparticulas poliméricas liberadoras de NO na

formacao e em biofilmes maduros de cepas de Staphylococcus aureus.

Cepas Tratamento Concentracéo das Formacéo de Biofilme

bacterianas nanoparticulas* biofilme maduro
(ug/mL) (% deinibicdo) (% deinibicdo)

NP 250 55,97 90,90

S. aureus 500 65,35 100,00

AIEIS eilze NP+NO 250 50,13 100,00

500 58,01 100,00

NP 250 53,90 99,27

MBSA 4 500 62,97 100,00

NP+NO 250 41,22 52,35

500 66,92 100,00

NP 250 29,30 100,00

MBSA 19 500 41,70 100,00

NP+NO 250 40,53 58,58

500 72,46 121,93

* Nanoparticulas de alginato e quitosana com S-nitroso-MAS (acido
mercaptosuccinico) liberadoras de NO.
MBSA: Cepa de Staphylococcus aureus oriunda de mastite bovina subclinica.

Discusséo

Ha véarios anos, os biofilmes bacterianos representam um grande problema
para o tratamento de infeccdes, sendo que bactérias crescidas em biofilmes sao
mais tolerantes aos antimicrobianos convencionais do que as bactérias “livres” ou

“‘isoladas” (Stewart e Costerton, 2001). Essas nanoparticulas com sua liberagédo de
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NO mostraram-se eficientes contra cepas de S. aureus que também produzem
biofilmes, motivo do qual foi verificado a eficiéncia desses compostos na formacéo e

em biofilmes maduros.

As duas concentracdes de nanoparticulas testadas (250 e 500 pg/mL) para a
atividade anti-biofilme foram as mesmas que apresentaram atividade estafilococica
contra as mesmas cepas isoladas de vacas com mastite subclinica em um estudo
anterior (Cardozo et al., 2014). Ambas as concentra¢des inibiram a formacédo de
biofilme para as cepas testadas, assim com maior inibicdo para a concentracao de
500 pg/mL de nanoparticulas, como era de se esperar. O mesmo fendmeno ocorreu
para o biofiilme maduro, também esperado, porém, com maior eficiéncia (% de
inibicdo) na atividade anti-biofilme, demonstrando apresentar maior atividade para

biofiimes maduros.

Para ambas as concentracdes de nanoparticulas, ndo houve diferenca entre a
atividade nos tratamentos (s6 nanoparticulas, e com liberacdo de NO), para a
formacdo e sobre biofilme maduro, demonstrando que as nanoparticulas que

apresentaram atividade anti-biofilme, sem a interferéncia direta do NO.

Hoje, € conhecido que biofilmes do ambiente interagem com nanopatrticulas, e
que isto ocorre devido a presenca das substancias poliméricas extracelulares (EPS),
resultando no acumulo dessas nanoparticulas nos biofilmes bacterianos (Nevius et
al., 2012; Kroll et al.,, 2014). Assim, os resultados do estudo sugerem que as
nanoparticulas interagiram com as EPS ao longo do tempo (24 horas)
principalmente com as EPS pré-formadas nos biofilmes maduros, uma vez que o NO
é instavel ao longo do tempo, como demonstrado nas curvas de tempo e morte do

estudo anterior (Cardozo et al., 2014).

Um estudo realizado por Privett e colaboradores (2012) demonstrou que
diferentes espécies bacterianas, incluindo S. aureus nao apresentaram resisténcia
ao NO apds as exposicdes sistematicas ao NO em concentracbes sub-inibitorias,
sugerindo a grande dificuldade no surgimento de resisténcia ao NO. Entretanto, as
cepas de S. aureus isoladas de mastite bovina que foram sensiveis a presenca das
nanoparticulas liberadoras de NO no estudo anterior (Cardozo et al., 2014), ndo
apresentaram o mesmo efeito inibitério sobre os biofilmes, reforcando que as

nanoparticulas foram as substancias diferenciais na atividade anti-biofilme.
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Outros estudos utilizando diferentes nanoparticulas polimérica liberadoras de
NO demonstram atividade anti-biofilme contra diferentes espécies bacterianas, tais
como Pseudomonas aeruginosa e S. aureus (Craven et al, 2016). Entretanto, néo foi
reportada tal atividade anti-biofiime para as mesmas nanoparticulas poliméricas

utilizadas em nosso estudo, e nem para isolados de mastite bovina.

Nossos resultados demonstraram gque essas hanoparticulas com liberacédo de
NO inibiram a formacdo, como também atuaram de forma eficiente em biofilmes

maduros de S. aureus, incluindo as cepas isoladas de vacas mastisticas.

Estudos futuros sobre o comportamento das nanoparticulas em relacdo as
EPS, utilizando técnicas microscopicas, poderdo esclarecer 0s possiveis

mecanismos da atividade anti-biofilme dessas nanoparticulas.
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