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RESUMO

O interesse dos consumidores por alimentos seguros tem se intensificado ao longo dos anos,
motivando estudos aprofundados sobre a seguranca dos alimentos. No contexto dos produtos
lacteos, o creme de leite é um produto de destaque. No entanto, devido a sua composi¢do
nutritiva, o creme pode fornecer um ambiente propicio para a proliferacdo de microrganismos
patogénicos se ndo for manuseado ou processado adequadamente. Este estudo comparou a
eficacia da pasteurizacdo rapida e lenta e da termossonicacdo na reducdo de Staphylococcus
aureus resistente a meticilina (MRSA) e microrganismos indicadores em amostras de creme de
leite. Amostras de creme cru (35% de gordura) foram obtidas de uma fabrica de laticinios em
Sao Sebastido do Passé, Bahia, Brasil. Foram utilizadas cinco cepas de Staphylococcus aureus
resistente a B-lactdmicos (MRSA) associadas a pecuéria no Brasil. As culturas de MRSA foram
preservadas em meio de cultura enriquecido com glicerol e revitalizadas antes do experimento.
Para a contaminacdo artificial, um inéculo de MRSA foi adicionado as amostras de creme,
resultando em uma concentracao final de 6,82 log UFC/mL. Os tratamentos térmicos incluiram
pasteurizacdo rapida (72°C por 15 segundos) seguida de sonicacdo por duracdes de 3, 5 e 10
segundos (US1, US2 e US3) e pasteurizagéo lenta (65°C por 40 minutos) seguida de sonicagédo
por 5, 10 e 15 minutos (US4, US5 e US6), com intensidades, duracGes e temperaturas variadas,
usando um processador ultrassénico VC 505 (Vibra-Cell, Sonics & Materials, Connecticut,
EUA). A eficécia dos tratamentos foi avaliada por contagens microbianas imediatamente ap6s
0 processamento e ao longo de um periodo de 30 dias de armazenamento refrigerado, seguindo
as diretrizes da APHA. As andlises incluiram contagens de Staphylococcus aureus, bactérias
aerObias mesofilas, Enterobacteriaceae, bolores e leveduras. A eficiéncia da inativacdo
microbiana foi calculada em log UFC/mL. Os resultados demonstraram que tanto a
pasteurizacdo tradicional quanto a termossonicagdo reduziram efetivamente as concentragdes
de MRSA. Ap0és a pasteurizacdo rapida (IP-72), as contagens foram reduzidas para 2,00 log
UFC/mL e para 2,39 log UFC/mL com a pasteurizacdo lenta (IP-65). Ambos os tratamentos
mostraram um aumento significativo nas contagens durante o armazenamento. A
termossonicagéo reduziu as contagens para 4,14 log UFC/mL (US1) e 4,24 log UFC/mL (US2).
Durante o armazenamento, as contagens aumentaram significativamente em US1 a US3,
enquanto o tratamento US6 manteve os niveis abaixo de 3 log UFC/mL, sem variagdes. Em
relacdo aos microrganismos indicadores, houve variabilidade na eficidcia dos diferentes
tratamentos aplicados. Os resultados demonstraram que tanto a pasteurizagcdo convencional
guanto a termossonicacdo foram eficazes na reducéo das concentracdes de MRSA. Destaca-se
que a termossonicacdo apresentou uma eficacia superior, especialmente na manutencdo de
niveis reduzidos de microrganismos ao longo de um periodo prolongado, enfatizando as
vantagens do ultrassom na otimizacdo de processos tecnoldgicos associados a seguranca de
alimentos.

Palavras-chave: Staphylococcus aureus resistente a meticilina. Termossonicacdo. Seguranca

de Alimentos. Produtos Lacteos.



ABSTRACT

Consumer interest in safe foods has intensified over the years, prompting in-depth studies on
food safety. In the context of dairy products, cream is a standout product. However, due to its
nutritious composition, cream can provide a conducive environment for the proliferation of
pathogenic microorganisms if not handled or processed adequately. This study compared the
efficacy of rapid and slow pasteurization and thermosonication in reducing methicillin-resistant
Staphylococcus aureus (MRSA) and indicator microorganisms in cream samples. Raw cream
samples (35% fat) were obtained from a dairy factory in Sdo Sebastido do Passé, Bahia, Brazil.
Five strains of B-lactam-resistant Staphylococcus aureus (MRSA) associated with livestock in
Brazil were used. MRSA cultures were preserved in a glycerol-enriched culture medium and
revitalized before the experiment. For artificial contamination, an MRSA inoculum was added
to the cream samples, resulting in a final concentration of 6.82 log CFU/mL. Thermal
treatments included rapid pasteurization (72°C for 15 seconds) followed by sonication for
durations of 3, 5, and 10 seconds (US1, US2, and US3) and slow pasteurization (65°C for 40
minutes) followed by sonication for 5, 10, and 15 minutes (US4, US5, and US6), with varying
intensities, durations, and temperatures, using a VC 505 ultrasonic processor (Vibra-Cell,
Sonics & Materials, Connecticut, USA). The efficacy of the treatments was assessed by
microbial counts immediately after processing and over a 30-day refrigerated storage period,
following APHA guidelines. Analyses included counts of Staphylococcus aureus, mesophilic
aerobic bacteria, Enterobacteriaceae, molds, and yeasts. Microbial inactivation efficiency was
calculated in log CFU/mL. The results demonstrated that both traditional pasteurization and
thermosonication effectively reduced MRSA concentrations. After rapid pasteurization (IP-72),
counts were reduced to 2.00 log CFU/mL and to 2.39 log CFU/mL with slow pasteurization
(IP-65). Both treatments showed a significant increase in counts during storage.
Thermosonication reduced counts to 4.14 log CFU/mL (US1) and 4.24 log CFU/mL (US2).
During storage, counts significantly increased in US1 to US3, while the US6 treatment-
maintained levels below 3 log CFU/mL, without variations. Regarding indicator
microorganisms, there was variability in the efficacy of the different treatments applied. The
results demonstrated that both conventional pasteurization and thermosonication were effective
in reducing MRSA concentrations. Notably, thermosonication showed superior efficacy,
especially in maintaining reduced microbial levels over a prolonged period, emphasizing the
advantages of ultrasound in optimizing technological processes associated with food safety.

Keywords: Methicillin-resistant Staphylococcus aureus. Thermosonication. Food Safety. Dairy

products.
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INTRODUCAO

A demanda crescente dos consumidores por alimentos seguros, de alta qualidade
nutricional e sensorial, e com beneficios funcionais € impulsionada por uma conscientizacéo
cada vez maior sobre os riscos associados aos alimentos contaminados ou de baixa qualidade
(Dash et al., 2022; Whang et al., 2024). Esta preocupacdo esta fundamentada nos dados oficiais
que revelam as severas consequéncias das Doencas Veiculadas por Alimentos (DVA), as quais
representam uma ameaca real e global, com impactos significativos na saude publica e na
economia (FDA, 2019).

A Organizacdo Mundial da Saiude (OMS) estima que anualmente cerca de 600 milhdes
de pessoas sdo afetadas por doencas decorrentes do consumo de alimentos contaminados,
resultando em aproximadamente 420.000 Obitos, enquanto nos Estados Unidos, cerca de 48
milhGes de casos séo registrados a cada ano (CDC, 2022; FDA, 2019; OMS, 2022). No Brasil,
apesar dos esforgos regulatorios, as DVA continuam a representar um desafio significativo,
frequentemente causadas por microrganismos patogénicos como Salmonella, Escherichia coli
e Staphylococcus aureus. Esses dados reforcam a importancia crucial de garantir a seguranca e
a qualidade dos alimentos para proteger a satde publica e promover o bem-estar global (Brasil,
2024).

Na categoria de produtos lacteos, o creme de leite se destaca por suas propriedades
funcionais e sabor distinto, tornando-se um item de particular relevancia (Calvo; Juarez;
Fontecha, 2022; Najmitdinova, 2023; Vidal; Saran Netto, 2018). Contudo, sua susceptibilidade
a contaminacdo microbiana é elevada devido a sua rica composi¢do nutricional. Embora
métodos convencionais de processamento e preservacao, tais como a pasteurizagdo térmica e a
refrigeracdo, sejam amplamente empregados, a persisténcia de microrganismos indicadores e
patogénicos sublinha a necessidade de vigilancia continua. (Abolghait et al., 2020; Shoaib et
al., 2023).

O S. aureus € uma espécie notavel dentro do género Staphylococcus, conhecida por sua
ampla presenca no ambiente e no corpo humano. No contexto da seguranca de alimentos na
cadeia produtiva de leite e derivados, Staphylococcus aureus se destaca como um dos principais
agentes causadores de DVA (Chen et al., 2022; Kansaen et al., 2023; Li et al., 2022; Shoaib et
al., 2023). No Brasil, S. aureus foi responsavel por cerca de 170 surtos de DVA entre 2013 e
2022, consolidando-se como um dos principais patogenos relacionados a seguranca dos
alimentos no pais (Brasil, 2024). A contaminacéao do leite e dos produtos lacteos por S. aureus

muitas vezes tem sua origem nos proprios animais ou no ambiente da fazenda, reconhecidos
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como fontes conhecidas de transmisséo de doencas (Garcia; Osburn; Cullor, 2019). Algumas
espécies de estafilococos sdo inofensivas, atuando como comensais, enquanto outras S&o
patogénicas, capazes de desencadear uma variedade de doencas (Bencardino; Amagliani;
Brandi, 2021; Shoaib et al., 2023). Este microrganismo pode representar sérios riscos a saude,
caso ndo sejam implementadas medidas adequadas de higiene e controle de qualidade durante
as etapas de producdo e armazenamento. Além disso, o surgimento de cepas bacterianas
resistentes, como o Sthapylococcus aures Resistente a Meticilina (Methicillin-resistant
Staphylococcus aureus, MRSA), tem colocado em questdo a eficacia dos métodos
convencionais de controle, impulsionando a busca por novas tecnologias de processamento
(Aaliya et al., 2021; Chen et al., 2022; Dash et al., 2022; Shoaib et al., 2023).

Diante desse cenario, o processamento por ultrassom (US) tem recebido consideravel
atencdo na industria de laticinios. A tecnologia de US de baixa frequéncia e alta intensidade
tem sido cada vez mais explorada para a inativagdo de microrganismos em diversos contextos
(Martinez-Moreno et al., 2020; Balthazar et al., 2019; Nascimento et al., 2023; Rathnakumar
et al., 2023). Essa tecnologia fundamenta-se na cavitacdo acuUstica e no streaming acustico,
envolvendo o uso de ondas sonoras de alta frequéncia que produzem efeitos mecanicos,
térmicos e quimicos nos microrganismos, resultando em sua inativacdo ou destruicdo
(Guimarées et al., 2021; Rathnakumar et al., 2023; Scudino et al., 2020). Somar US e
pasteurizacdo, é possivel potencializar os efeitos de inativagcdo dos microrganismos, permitindo
a reducdo da temperatura e/ou do tempo de tratamento térmico necessario (Nascimento et al.,
2023). Isso € particularmente relevante para alimentos sensiveis ao calor, nos quais a aplicacao
de altas temperaturas durante a pasteurizacdo pode resultar em alteracdes indesejaveis nas
propriedades sensoriais e nutricionais (Balthazar et al., 2019; Soltani Firouz; Farahmandi;
Hosseinpour, 2019). Essa abordagem integrada, conhecida como termossonicagdo, tem sido
objeto de estudos e pesquisas em diversos setores da industria de laticinios, buscando
desenvolver processos de tratamento mais eficientes e sustentaveis (Martinez-Moreno et al.,
2020).

A integracdo da termossonicagdo em processos de tratamento promete ndo apenas
melhorar a eficiéncia da inativacdo de patdgenos como o0 MRSA em produtos lacteos, mas
também proporcionar uma solu¢do mais robusta para garantir a seguranca e a qualidade dos
alimentos. Assim, este estudo visa aprimorar a inativacdo do MRSA em creme de leite,
contribuindo para praticas mais seguras na industria de laticinios, ao passo que oferece
tranquilidade aos consumidores que confiam na integridade de seus produtos alimenticios e

assegurando a sustentabilidade econdmica a longo prazo.
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2 OBJETIVOS

2.1 Objetivo geral

v

O objetivo central deste estudo foi comparar a eficacia da pasteurizacao, rapida e lenta,
e da termossonicacao na reducdo das contagens de de Staphylococcus aureus resistente
a meticilina (MRSA) em amostras de creme de leite.

2.2 Objetivos especificos

v

Avaliar a eficacia da termossonicacdo na reducgdo das contagens de MRSA em creme de
leite, comparando-a com a pasteurizagdo convencional;

Quantificar a reducdo das contagens de MRSA em amostras tratadas com diferentes
combinacdes de pasteurizacdo (rapida e lenta) e termossonicacéo;

Identificar os tempos de exposicdo a sonicagdo (5, 10 segundos/minutos, 25 minutos)
mais eficazes para a inativacdo de MRSA no creme de leite;

Determinar o impacto da pasteurizacdo convencional e da termossonicacdo na
inativacdo de outros microrganismos indicadores presentes no creme de leite;
Investigar a influéncia do armazenamento sob condig¢des controladas na sobrevivéncia
de MRSA em diferentes intervalos de tempo (dias 0, 15 e 30).

Avaliar os efeitos do armazenamento sob condi¢des controladas na sobrevivéncia de

microrganismos indicadores em diferentes intervalos de tempo (dias 0 e 30).
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3 FUNDAMENTAGCAO TEORICA

3.1 Creme de leite: aspectos gerais, tecnologia e legislacéo

O consumo de produtos l&cteos € essencial para a saude e amplamente apreciado em
todo o mundo. O leite, em particular, destaca-se pelo seu alto valor nutricional, sendo uma fonte
rica em proteinas, carboidratos, lipideos, minerais, vitaminas e compostos bioativos. Esses
nutrientes sdo fundamentais para o desenvolvimento e o funcionamento adequado do sistema
imunolégico e outras fungdes vitais do organismo (Bernardo; Rosério; Conte-Junior, 2021;
Scudino et al.,2020). Em resposta as demandas atuais dos consumidores, que buscam produtos
mais naturais e mais palataveis, com menos aditivos e provenientes de sistemas de producéo
sustentaveis, a industria lactea tem adaptado seus métodos de producdo e processamento para
atender essas expectativas (Carrilho-Lopez et al., 2021; Dash et al., 2022; Whang et al., 2024).
Além de fornecerem nutrigdo, esses alimentos s&o valorizados por sua versatilidade culinaria,
tornando-se elementos indispensaveis nas mesas familiares, refletindo diretamente no aumento
da demanda global por esses produtos (Najmitdinova, 2023).

A producdo e consumo de produtos lacteos tém uma influéncia significativa na
economia e na saude da populacdo mundial. A projecdo do crescimento da producéo global de
leite prevé que alcance 1.060 milhdes de toneladas até 2031, com um ritmo de crescimento
anual de 1,8% (FAO, 2022). O Brasil, uma das principais na¢des produtoras de leite, demonstra
seu protagonismo no cenario global através de nimeros expressivos. Em 2021, o pais foi o
terceiro maior produtor mundial de leite, ficando atras apenas dos Estados Unidos e da india
(FAO, 2022). A producdo leiteira no Brasil foi estimada em 34,6 bilhdes de litros para 2022.
Dados recentes do Instituto Brasileiro de Geografia e Estatistica (IBGE) destacam que, no
quarto trimestre de 2023, a producdo nacional de leite cru aumentou 2,2% em compara¢do ao
mesmo periodo de 2022, atingindo 6,46 bilhdes de litros. Na Bahia, a producdo estimada para
2022 foi de 1,27 bilh&o de litros, e a aquisicdo de leite cru no quarto trimestre de 2023 chegou
a 133,4 milhdes de litros, uma ligeira queda de 1,7% em relacdo ao mesmo periodo do ano
anterior (IBGE, 2022a;2022b; 2024).

Dentro deste cenario de producdo de lacteos, o creme de leite assume um papel
fundamental, sendo um dos produtos mais exportados pelo Brasil. Entre 2013 e 2022, o pais
exportou, em média, 6,6 mil toneladas de creme de leite, evidenciando sua importancia tanto

no mercado interno quanto externo (Leite; Stock, 2023). A versatilidade culinaria e o valor
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nutricional do creme de leite 0 tornam uma opcdo popular nas mesas brasileiras e em receitas
ao redor do mundo (Najmitdinova, 2023).

Conforme estabelecido pelo Regulamento Técnico de Identidade e Qualidade (RTIQ)
(Brasil, 1996), o creme de leite é definido como o produto relativamente rico em gordura, obtido
do leite por meio de processos tecnoldgicos adequados, apresentando-se como uma emulséo de
gordura em agua. Para ser classificado como tal, o produto deve conter no minimo 10% de
gordura lactea, enquanto aqueles com teores de gordura entre 10% e 19,9% sdo categorizados
como creme de leite leve (Brasil, 1996).

Reconhecido na industria alimenticia por suas propriedades funcionais e sabor distinto,
0 mercado oferece uma variedade significativa de cremes de leite, destacando-se as variagoes
no contetdo calorico, o qual é influenciado pelos teores de gordura (Calvo; Juarez; Fontecha,
2022). Além da gordura lactea, o creme de leite é uma fonte rica em proteinas, lactose, cidos
organicos, sais minerais e vitaminas como A, E, B1, B2 e C. Sua composicao especifica o torna
um ingrediente versatil na inddstria alimenticia, utilizado para conferir cremosidade, sabor e
textura a uma variedade de produtos (Najmitdinova, 2023). Além disso, sua elevada
concentracdo de gordura o torna indispensavel na producdo de manteiga e na modulacdo do

teor lipidico de diversos produtos lacteos (Vidal; Saran Netto, 2018).

3.2 Caracteristicas e composicao dos glébulos de gordura no creme de leite: anélise das

tecnologias de fabricacao

Os lipideos presentes no creme, assim como no leite, estdo contidos na forma de
glébulos de gordura. Esses globulos de gordura do leite sdo particulas lipidicas envoltas por
uma superficie coberta por uma camada de filme fino de 10-20 nm, esférico, com diametro de
cerca de 0,1-15 pum, conhecida como membrana do glébulo de gordura do leite (MFGM, do
inglés "milk fat globule membrane™) (Nguyen et al., 2015; Fox, 2011; Sun; Roos; Miao, 2024;
Whang et al., 2024; Wiking et al., 2022). A MFGM, é formada por triacilglicerois envoltos por
uma bicamada de fosfolipideos, proteinas, colesterol, glicolipideos e vitaminas. Esta estrutura
desempenha um papel crucial na estabilidade e funcionalidade dos glébulos de gordura,
protegendo-os contra enzimas lipoliticas e facilitando sua interagdo com outros componentes
do leite (Whang et al., 2024; Wiking et al., 2022).

As propriedades fisico-quimicas do creme estdo sujeitas a uma série de fatores, 0s quais
incluem o estado dos glébulos de gordura e da MFGM, a concentracdo dos globulos de gordura,

a temperatura do creme e 0s métodos de manipulacdo, como tratamento térmico e mecénico
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(Sun; Roos; Miao). Dentro dos globulos de gordura, os triglicerideos compdem a maior fragdo
da composicgdo lipidica, representando até 98% da massa total. Os acidos graxos saturados,
como o acido palmitico e o &cido esteadrico, predominam, seguidos pelos acidos graxos
monoinsaturados e poliinsaturados. Além disso, A composic¢do lipidica € influenciada por
fatores como a raca da vaca e sua alimentacéo, estagio de lactacdo, qualidade microbiolégica
do leite e derivados, tratamento térmico, homogeneizacdo, entre outros processos de
manipulacdo do leite e derivados (Fox, 2011)

O MFGM, também se caracteriza por ter uma alta proporcdo de proteinas em sua
composicdo. De fato, as proteinas podem constituir de 25% a 70% do peso do MFGM. Essa
significativa presenca proteica desempenha um papel crucial em diversas funcdes bioldgicas e
na estabilidade estrutural dos globulos de gordura, impactando diretamente a qualidade e as
propriedades dos produtos lacteos (Nguyen et al., 2015; Wiking et al., 2022). As proteinas mais
predominantes na MFGM incluem butirofilina, xantina oxidase, acido periodico Schiff 6 e
7(também conhecido como lactadherina), cluster de diferenciacdo 36 e mucina 1. Essas
proteinas podem estar ligadas de forma periférica ou integral a MFGM, o que é crucial para
entender sua sensibilidade ao aquecimento e aos processos de manipulacdo, influenciando
diretamente a integridade e as caracteristicas finais dos produtos lacteos (Wiking et al., 2022).

Além de suas funcBes bioldgicas e nutricionais, a MGGL apresenta propriedades
tecnoldgicas relacionadas ao seu elevado teor de fosfolipidios e outros materiais de superficie
ativa (Nguyen et al., 2015). A fabricacdo do creme de leite é um processo detalhado que abrange
varias etapas tecnologicas visando assegurar a qualidade, consisténcia e seguranca do produto
(Tabela 1). Esse processo engloba a separagéo entre a fase creme e a fase leite, a padronizacéo
do creme para alcangar o teor de gordura desejado e o tratamento térmico para prolongar sua
vida util. Adicionalmente, em alguns casos especificos, é aplicado o processo de
homogeneizacdo para melhorar a estrutura do produto ou aumentar sua vida Gtil (Tabela 1)
(Vidal; Saran Netto, 2018).
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Tabela 1 — Etapas de fabricagdo do creme de leite e suas respectivas finalidades

Etapa

Descricéo

Finalidade

Separacdo Centrifuga Utilizacdo de um separador

Padronizacéao da
Gordura

Tratamento Térmico

Homogeneizacédo

Resfriamento e
Envasamento

centrifugo para isolar os glébulos
de gordura do leite através da
forca centrifuga

Ajuste do teor lipidico do creme
para alcancar as especificacdes
do produto final

Aplicagéo de calor por meio de
pasteurizacdo ou esteriliza¢do

Reducdo do tamanho dos
gldébulos de gordura por meio de
pressdo alta

Resfriamento rapido do creme
seguido de envasamento em
condi¢des assépticas

Segregar a gordura do leite, formando a
base do creme de leite

Definir a consisténcia, textura e
caracteristicas funcionais do creme de
leite

Inativar microrganismos patogénicos e
desativar enzimas que podem prejudicar
a qualidade e estabilidade do produto

Melhorar a textura, a viscosidade e a
estabilidade do creme, evitando a
separacdo de gordura

Retardar o crescimento microbiano e
preservar a qualidade e seguranca do
creme de leite durante a distribuicdo e

armazenamento

Fonte: Vidal; Saran Neto (2018)

Na etapa de Separacdo, ocorre a formacdo de creme. Isso ocorre devido a menor
densidade dos globulos de gordura do leite em comparagdo com o soro do leite. Essa diferencga
de densidade faz com que os glébulos de gordura subam para a superficie, formando uma
camada cremosa sobre o leite desnatado que fica abaixo. Este processo € acelerado em baixas
temperaturas devido a aglutinacdo a frio (Wiking et al., 2022). Posteriormente, o creme é
padronizado para ajustar o teor de gordura de acordo com as especifica¢cdes do produto. Esse
processo envolve a adi¢ao de leite desnatado ou integral ao creme para alcangar a concentracao
desejada de gordura. A padronizacdo € fundamental para assegurar a consisténcia do creme de
leite, influenciando diretamente seu sabor, textura e comportamento durante o cozimento
(Vidal; Saran Netto, 2018).

O creme padronizado é submetido a tratamento térmico, que € essencial para controlar
0 crescimento de bactérias patogénicas ou deteriorantes e inativar enzimas que degradam o
produto (Lalwani; Ramsingh; Mahmood, 2024; Wiking et al., 2022). Além de controlar
microrganismos, o tratamento térmico também & crucial para a inativagéo da lipoproteina lipase.
Esta enzima é responsavel pela hidrolise dos triacilglicerideos, processo que libera acidos
graxos livres e pode resultar em um sabor rangoso. A inativacdo dessa enzima durante o

processamento térmico impede a degradacéo dos lipidios, preservando a qualidade sensorial do
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produto. Isso é fundamental para evitar o desenvolvimento de sabores indesejaveis, garantindo
a aceitacdo do creme pelos consumidores (Wiking et al., 2022).

Dependendo do produto e das especificacfes de qualidade desejadas, o tratamento
térmico pode variar em intensidade e duracdo. Por exemplo, a pasteurizacdo, um processo
tradicional de aquecimento, submete o produto a temperaturas entre 60 e 80 °C, eliminando
microrganismos prejudiciais e preservando suas caracteristicas organolépticas (Aaliya et al.,
2021; Dash et al., 2022; Najmitdinova, 2023). Esse processo pode ser conduzido em baixa
temperatura por um longo periodo (Low Temperature Long Time, LTLT), como 63 °C por 30
minutos, ou em alta temperatura por um curto periodo (High Temperature/Short Time, HTST),
como 72-75 °C por 15-20 segundos (Lalwani; Ramsingh; Mahmood, 2024).

Os cremes tratados por temperatura ultra-alta (Ultra-high Temperature, UHT) sao
expostos a temperaturas extremamente elevadas, entre 135-150 °C, por um periodo muito breve
de 2-5 segundos. Esta técnica elimina praticamente todos os microrganismos, garantindo uma
maior estabilidade do produto e permitindo o armazenamento por longos periodos a temperatura
ambiente, sem a necessidade de refrigeracdo (Scudino et al., 2020). No entanto, embora o
tratamento UHT seja eficaz na eliminacdo de bactérias vegetativas e na destruicdo da maioria
dos esporos, enzimas microbianas com atividade lipolitica podem permanecer ativas apds esse
processo devido a sua alta estabilidade ao calor. Este fendmeno evidencia a resisténcia de certas
enzimas aos métodos convencionais de pasteurizacdo e esterilizacdo, exigindo condicdes de
tratamento ainda mais rigorosas para garantir a completa inativacdo (Wiking et al., 2022). Por
outro lado, a pasteurizacdo, que utiliza uma faixa de temperatura mais baixa, embora seja
suficiente para eliminar a maioria dos microrganismos nocivos, ndo consegue erradicar
completamente todos os microrganismos patogénicos ou eliminar bactérias formadoras de
esporos resistentes ao calor (Gao et al.,2014). Assim, o creme pasteurizado ndo alcanca o
mesmo grau de estabilidade microbiolégica que o tratamento UHT. Consequentemente, 0
creme pasteurizado é mais suscetivel a variagbes microbioldgicas durante o armazenamento e
possui uma vida util relativamente mais curta (Aaliya et al., 2021).

O aquecimento geralmente ¢é aplicado em conjunto com a homogeneizagdo, seja antes
ou apos o aquecimento final. A combinacdo de temperatura com a homogeneizagdo tem um
impacto notavel na cobertura proteica da MFGM ap0ds a homogeneizacao (Wiking et al., 2022).
Durante a homogeneizacao, os globulos de gordura sdo quebrados em particulas menores e mais
uniformes para prevenir ou minimizar a separacdo do creme (Vidal; Saran Netto, 2018). Esse
processo envolve forcar o creme através de pequenos orificios sob alta pressdo. A

homogeneizacdo evita a separacdo da gordura do restante do liquido, melhorando a textura,
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consisténcia e paladar do creme de leite. Além disso, estabiliza o produto, distribuindo
uniformemente a gordura por todo o creme (Fox, 2011; Wilbey, 2011). Apo6s a
homogeneizacdo, o creme € rapidamente resfriado a temperaturas seguras para retardar o
crescimento microbiano e preservar a qualidade. Em seguida, é envasado em condicGes
esterilizadas para evitar contaminagdo e estd pronto para distribuicao.

Cada uma dessas etapas é crucial para garantir que o creme de leite possua as
caracteristicas desejadas em termos de textura, sabor e propriedades culinarias, aléem de cumprir

com os padrdes de seguranca estabelecido pelas legislacdes vigentes.

3.3 Padrdes microbiolégicos do creme de leite

Os padrées microbiologicos do creme de leite sdo regulados pela Portaria 146/1996 do
Ministério da Agricultura Pecuéria e Abastecimento (MAPA). No entanto, tanto o creme de
leite pasteurizado quanto o UHT tém padrdes microbioldgicos definidos pelas legislacdes do
Ministério da Salde, através da Agéncia Nacional de Vigilancia Sanitaria (ANVISA), em sua
Resolucdo Resolulcao da Diretoria Colegiada (RDC) n.° 724/22 e na Instrucdo Normativa (IN)
n® 161/2022 (Brasil, 1996, 2022a, 2022b).

De acordo com os critérios microbioldgicos da Portaria n.° 146/1996, o creme de leite
pasteurizado deve apresentar contagens de microrganismos aerdbios mesofilos de 10%a 10°
UFC/g, coliformes totais entre 10 a 100 Numero Mais Provavel por grama (NMP/g), maximo
de 10 NMP/g de coliformes a 45 °C, e estafilococos coagulase positiva entre 10 a 100UFC/g
(Brasil, 1996). Por sua vez, a RDC n.° 724/22 e IN n.° 161/2022 estabelecem que gorduras
lacteas e cremes de leite pasteurizado devem apresentar no maximo 10 NMP/g de Escherichia
coli, estafilococos coagulase positiva entre 10 a 100 Unidades Formadoras de Coldnias por
grama (UFC/g), e auséncia de Salmonella (Brasil, 200a, 2022b)

As variacOes nos padres microbioldgicos entre as normativas refletem atualizagfes nas
técnicas de detec¢do e controle de qualidade, bem como a compreensdo da relevancia de certos
patdgenos em produtos lacteos. Enquanto a Portaria 146/1996 do MAPA estabelece limites para
coliformes totais e coliformes a 45 °C, indicando preocupacdo com contaminacgdes gerais e
condigdes higiénicas durante o processo de fabricacdo, a RDC 724/22 e a Instru¢cdo Normativa
n® 161/2022 da ANVISA focam na auséncia de Salmonella e no controle de Escherichia coli
(Brasil, 1996, 2022a, 2022b).

Diante das variagdes normativas e do avan¢o nos métodos de deteccéo, a importancia

de microrganismos indicadores e patogénicos deve ser considerada. A qualidade e a seguranca
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do leite durante o processamento refletem diretamente o estado higiénico das fazendas, tanto
individualmente quanto em grupo. As anélises microbioldgicas sdo essenciais para identificar
a presenca de microrganismos que podem afetar a qualidade e seguranca do leite (Bardalles et
al., 2024; Dash et al., 2022). No entanto, além dos parametros microbiologicos, os aspectos
fisico-quimicos e a contagem de células sométicas também sdo cruciais para a avaliagcdo da
qualidade do leite. A legislacdo vigente requer que estes parametros sejam rigorosamente
monitorados para garantir a conformidade com os padrées de qualidade e seguranca (Bardalles
et al., 2024).

Microrganismos indicadores e patogénicos estdo presentes em diversos ambientes,
incluindo ar, &gua e solo, enquanto os virus se replicam dentro das células de organismos
hospedeiros (Dash et al.,2022). Essa ubiquidade os torna ferramentas valiosas para monitorar a
contaminacdo ambiental e a eficacia das praticas de higiene em varios contextos, especialmente
na industria de laticinios. Por exemplo, a presenca de certos microrganismos, como bactérias
do grupo dos coliformes no leite, pode indicar falhas nos processos de pasteurizacdo ou
contaminacdo pos-processamento. Estes microrganismos sao frequentemente utilizados como
indicadores de contaminagdo porque sua presenca sugere que outras patdégenos potencialmente
prejudiciais também podem estar presentes (Bardales et al., 2024; Dash et al., 2022).

Coliformes, parte da familia Enterobacteriaceae, sdo bactérias anaerobias facultativas,
gram-negativa e nao esporuladas, que fermentam a lactose produzindo &cido e gas em 24 a 48
horas em temperaturas entre 35°C e 45°C (APHA, 2001; Silva et al., 2021). A presenca de
coliformes sinaliza possiveis contaminag6es por patdgenos de origem fecal, como Escherichia
coli. Escherichia coli, especificamente, &€ uma bactéria comensal da microbiota intestinal de
animais endotérmicos e destaca-se entre os coliformes termotolerantes.Com diversos patotipos
conhecidos por seu mecanismo de viruléncia, como Escherichia coli enteropatogénica,
Escherichia coli enterotoxigénica, Escherichia coli enteroinvasiva, Escherichia coli
enterohemorragica ou produtora da toxina Shiga, Escherichia coli enteroagregativa e
Escherichia coli de aderéncia difusa, é frequentemente implicada em surtos de origem alimentar
(Bernardo; Roséario; Conte-Junior, 2021; FDA, 2013; APHA, 2001; Silva et al., 2021).

Fungos (bolores e leveduras), como indicadores de contaminagdo, sdo essenciais para o
monitoramento da qualidade em laticinios. Eles sinalizam condi¢des inadequadas de
armazenamento ou falhas nos processos produtivos, particularmente em ambientes Umidos e
quentes. Embora geralmente ndo sejam patogénicos, a presenca de fungos em produtos lacteos
pode indicar contaminagdo ambiental e resultar em deterioragdo acelerada, afetando

negativamente a aparéncia, sabor e textura dos produtos. 1sso compromete a qualidade, reduz o
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valor comercial e aumenta o0s riscos a seguranca alimentar, especialmente em produtos com
longos prazos de validade (Dash et al., 2022).

Microrganismos indicadores sdo essenciais porque sua presenca pode sugerir que outros
patdgenos potencialmente prejudiciais também estejam presentes. No contexto da cadeia
produtora de leite e seus derivados, Staphylococcus aureus (S.aureus) é um dos principais
causadores de doencas de origem alimentar (Chen et al., 2022; Kansaen et al., 2023; Li et al.,
2022; Shoaib et al., 2023). Além dele, patdgenos como Listeria monocytogenes,
Campylobacter, Salmonella, Yersinia, e Escherichia coli produtoras de toxina Shiga também
representam riscos substanciais (Dash et al., 2022).

As duas normativas, tanto a Portaria 146/1996 do MAPA quanto a RDC 724/22 e a
Instrucdo Normativa n°® 161/2022 da ANVISA, estabelecem limites semelhantes para
estafilococos coagulase positiva, variando de 10 a 100 UFC/g (Brasil, 1996, 2022a, 2022b).
Essa consisténcia destaca a preocupagdo continua com este microrganismo patogénico, que
serve como um indicador de manipulacdo pés-contaminacdo e de condig¢fes higiénicas
inadequadas na producdo de produtos lacteos, como o creme de creme de leite. Nosso estudo
enfoca especialmente o S.aureus, pois este patégeno pode produzir toxinas termoestaveis que
persistem mesmo apds o tratamento térmico dos produtos lacteos, representando um risco
significativo para a salde publica (Chen et al., 2022; Kansaen et al., 2023; Li et al., 2022;
Shoaib et al., 2023).

3.4 Staphylococcus aureus: desafios na cadeia produtiva de laticinios

O S. aureus é uma espécie notavel dentro do género Staphylococcus, conhecida por sua
ampla presenca no ambiente e no corpo humano. Algumas espécies de estafilococos sao
comensais inofensivos, enquanto outras sdo patogénicas, capazes de causar varias doencas. O
género Staphylococcus € incrivelmente diversificado, compreende mais de 81 espécies e varias
subespécies identificadas até o momento (Bencardino; Amagliani; Brandi, 2021; Shoaib et al.,
2023).

O género Staphylococcus € classificado em grupos com base na producéo da coagulase,
uma enzima que coagula o plasma. Esta distin¢éo é crucial para compreender a patogenicidade
e orientar as estratégias de tratamentos (Cavaiuolo et al., 2023; Kansaen et al., 2023). Os
Estafilococos coagulase-positivos (ECP), incluindo S. aureus, destacam-se pela sua capacidade
de sobrevivéncia em diferentes condi¢fes ambientais (Bencardino; Amagliani; Brandi, 2021).

Além de S. aureus, outras espécies comuns de ECP incluem S. schleiferi subsp coagulans, S.
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lutrae, S. hyicus, S. intermedius, S. argenteus, S. schweitzeri e S. delphini. Dentre esses, 0 S.
aureus se destaca por sua ubiquidade e viruléncia, reconhecido como um patégeno oportunista
transmitido por alimentos (Cavaiuolo et al., 2023; Kansaen et al., 2023; Shoaib et al., 2023).

Bardales et al. (2024) ressaltam a importancia de avaliar parametros de qualidade e
microbioldgicos nos centros de processamento de leite bovino, enfatizando que essas avaliagdes
sdo cruciais para garantir a satde publica, a qualidade do produto e impactar positivamente a
economia local. A presenca de S. aureus nos ambientes de producdo de laticinios, como
fazendas e unidades de processamento, representa uma séria ameaca devido ao seu potencial de
contaminacgdo do leite e seus derivados. Os produtores de laticinios devem adotar padroes
rigorosos para assegurar uma producao de alta qualidade, destacando que a seguranca do leite
e seus derivados comeca na fazenda (Garcia; Osburn; Cullor, 2019). No entanto, apesar desses
padrodes, a contaminacao pode ocorrer durante a ordenha ou pelo manuseio inadequado do
leite cru e dos equipamentos de processamento, o que compromete a qualidade do produto
final (Shoaib et al., 2023).

A contaminacdo do leite e dos produtos lacteos por S. aureus frequentemente se origina
dos préprios animais ou do ambiente da fazenda, que sdo fontes conhecidas de infeccdo (Garcia;
Osburn; Cullor, 2019). As vacas leiteiras, e outros animais, podem estar contaminados com S.
aureus especialmente aqueles com mastite, uma infeccdo das glandulas mamarias. A mastite
ocorre quando S. aureus entra na glandula mamaria através do teto e coloniza o tecido, causando
inflamacdo e infecgdo. A transmissao do patégeno pode ocorrer durante a ordenha ou devido a
praticas inadequadas de higiene, comprometendo a qualidade do leite cru e favorecendo o
crescimento bacteriano e a expressdo de fatores de viruléncia (Bencardino; Amagliani; Brandi,
2021; Shoaib et al., 2023). Além disso, S. aureus pode se disseminar facilmente entre os quartos
do Ubere e entre diferentes vacas. Equipamentos de ordenha, utensilios de processamento e o
ambiente da fazenda podem atuar como vetores dessa contaminacdo, facilitando a
contaminacdo cruzada e representa riscos a satide humana (Garcia; Osburn; Cullor, 2019).

A contaminacdo cruzada é uma preocupacdo adicional, especialmente porque S.aureus
pode facilmente contaminar superficies de equipamentos de ordenha, representando riscos para
a qualidade dos produtos lacteos (Bardales et al., 2024; Shoaib et al., 2023). A higiene
inadequada de utensilios e equipamentos, juntamente com superficies porosas ou danificadas,
facilita a contaminacdo cruzada por S. aureus (Bencardino; Amagliani; Brandi, 2021). A
implementacdo de procedimentos eficazes de limpeza e de boas praticas de manuseio sdo

essenciais para mitigar esses riscos
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S. aureus é capaz de produzir enzimas extracelulares como proteases, amilases,
hialuronidase, hemolisinas, coagulases, lipases, DNases, beta-lactamase e enterotoxinas. 1sso
ocorre devido a presenca de elementos genéticos moveis que codificam essas enzimas, 0 que
facilita a adaptacéo e sobrevivéncia do patdgeno em diversos ambientes (Figura 1) (Chen et al.,
2022; Kansaen et al., 2023; Li et al., 2022; Shoaib et al., 2023).

Figura 1 — Estrutura celular de Staphylococcus aureus e seus fatores de viruléncia
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Moléculas na superficie da bactéria que facilitam a aderéncia a células e tecidos do hospedeiro; Coagulase: Enzima
gue catalisa a coagulacéo do sangue, auxiliando na formacéo de codgulos que podem proteger a bactéria de defesas
imunolégicas; Proteina A: Proteina de superficie que se liga a anticorpos Fc, invertendo sua orientacdo e
interferindo na opsonizacéo e fagocitose. Enzimas: Grupo de enzimas que inclui beta-lactamase (resisténcia a
antibidticos), hialuronidase (degrada o acido hialurénico dos tecidos, facilitando a disseminacdo), hemolisinas
(lisam células do sangue), amilases (degradam amido), lipases (degradam lipidios) e DNases (degradam DNA);
SCCmec/MecA: Elemento genético mdvel que confere resisténcia a antibidticos, como a meticiling;
Toxinas/Enterotoxinas: Diversas toxinas que podem causar danos teciduais e sintomas de doenga, incluindo
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Fonte: Adaptado a partir de Choi et al. (2014).
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A diversidade desses fatores de viruléncia permite ao patdgeno aprimorar suas
capacidades de aderéncia, invasdo e evasdo do sistema imunoldgico, enquanto também
desencadeia potentes respostas inflamatdrias (Chen et al., 2022). Entre seus fatores de
viruléncia, as toxinas e 0s superantigenos desempenham um papel fundamental ao danificar as
membranas das células hospedeiras, provocando lise e inflamagdo. Esses elementos também
sd80 responsaveis por estimular a producdo de citocinas inflamatorias, intensificando os
processos inflamatorios no corpo hospedeiro (Abolghait et al., 2020; Chen et al., 2022). Além
disso, S. aureus produz uma variedade de enzimas extracelulares que ajudam a degradar
moléculas do hospedeiro, fornecendo nutrientes que promovem a sobrevivéncia e proliferacdo
da Bactéria (Chen et al., 2022).

A contaminacdo de alimentos por S. aureus € uma preocupacao critica de satde publica
devido a sua capacidade de produzir enterotoxinas que causam intoxicacfes alimentares grave
(Berry et al., 2022). No Brasil, S. aureus foi responsavel por cerca de 170 surtos de DVA entre
2013 e 2022, consolidando-se como um dos principais patégenos relacionados a seguranca dos
alimentos no pais (Brasil, 2024).

As enterotoxinas estafilocécicas (staphylococcal enterotoxin, SES) sdo proteinas de
baixo peso molecular, entre 20 e 100 ng, que, quando presentes nos alimentos, podem provocar
intoxicacdo alimentar estafilococica (Staphylococcal food poisoning, SFP). No caso de S.
aureus, isso ocorre quando sua populacdo ultrapassa 100.000 organismos/g ou mL no alimento.
A gravidade da SFP depende das condicdes do hospedeiro (Cai et al., 2023; FDA, 2012). Até
0 momento, 28 enterotoxinas foram descritas. As enterotoxinas classicas sdo designadas como
A, B, C, D e E, devido ao seu potencial emético (Berry et al., 2022; Bencardino; Amagliani;
Brandi, 2021; Chieffi et al., 2020; Grispoldi et al., 2021; Suzuki et al., 2020). Recentemente,

outras enterotoxinas foram identificadas, como mostrado na Tabela 2.
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Tabela 2 — Caracterizacdo molecular e atividade emética das enterotoxinas estafilococicas
segmentadas por categoria: classicas, novas e semelhantes

Enterotoxina Estafilococica  Massa Tipo Atividade Emética
SEA 27.1 kDa +
SEB 28,4 kDa +
SEC1 27,5 kDa +
SEC2 27,6 kDa Classica +
SEC3 27,6 kDa +
SED 26,9 kDa +
SEE 26,4 kDa +
SEG 27,0 kDa +
SHE 25,1 kDa +
SEI 24,9 kDa +
SelJ 28,5 kDa nd
SelK 26,0 kDa +
SelL 26,0 kDa +
SelM 24,8 kDa +
SelN 261kpa oV ¥
SelO 26,7 kDa +
SelP 27,0 kDa +
SelQ 26,0 kDa +
SelR 27,0 kDa +
SES 26,2 kDa +
SET 27,1 kDa +
SEIU 27,0 kDa nd
SEIV 27,6 kDa nd
SEIX 19,3 kDa nd
SElZ nd nd
SEIW nd Semelhantes nd
Sel26 nd nd
SEI27 nd nd
Sel01 nd nd
SEI02 nd nd

Abreviatura: + = potencial emético demostrados em macacos
nd= néo potencial emético demostrados em macacos ou ndo foram testados
Fonte: adaptada de Fisher; Otto; Cheung, (2018)

A Unica excecdo € a toxina da sindrome do choque téxico tipo 1 (TSST-1), originalmente

designada SEF, que difere das outras toxinas de S. aureus por sua estrutura e mecanismo de
acao (Fischer, Otto e Cheung, 2018; Bencardino; Amagliani; Brandi, 2021; Umeda et al., 2021;

Suzuki et al., 2020; Zhang et al., 2018). Cerca de 95% dos casos de SFP sdo causados pelas
SEs A, B, C, D e E (Bencardino; Amagliani; Brandi, 2021; Berry et al., 2022). As SEs sdo

resistentes ao calor e podem suportar as temperaturas e 0s tempos de cozimento comumente

usados em ambientes domésticos e na industria (Abolghait et al., 2020; Bencardino; Amagliani;
Brandi, 2021; Grispoldi et al., 2021; Li et al., 2022).

A SFP resulta da ingestdo de alimentos contaminados com enterotoxinas pré-formadas

por cepas patogénicas de S.aureus, ou por estafilococos coagulase-negativos que possuem
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genes de enterotoxinas que resistem aos processos comuns de cozimento e digestéo (Berry et
al., 2022; Homsombat et al., 2021; Suzuki et al., 2020). ASFP se manifesta rapidamente com
sintomas como gastroenterite acompanhada de diarreia, febre, vémitos e dor abdominal,
ocorrendo de 30 minutos a 8 horas apds a ingestdo de alimentos contaminados (Suzuki et al.,
2020; Kansaen et al., 2023).

Nas células entéricas, as enterotoxinas se ligam as moléculas MHC classe Il presentes
nas celulas apresentadoras de antigenos (APCs), como macrofagos e células dendriticas (Berry
et al., 2022; Fischer, Otto & Cheung, 2018; Suzuki et al., 2020). Essas toxinas agem como
superantigenos, ativando os linfocitos T, especialmente os T CD4+, de forma néo especifica.
Enguanto os antigenos tipicos ativam um pequeno subconjunto de linfécitos T, os
superantigenos ativam uma grande proporc¢ao dessas células. Essa ativacdo massiva resulta em
uma tempestade de citocinas, levando a uma forte resposta inflamatoria. A tempestade de
citocinas causa inflamagdo no trato gastrointestinal, resultando nos sintomas classicos da
doenca (Figura 2) (Abolghait et al., 2020; Zhang et al., 2018).

Figura 2 — Mecanismo de patogenicidade das enterotoxinas estafilocdcicas
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(A) A exposicao inicial comega com a ingestao de alimentos contaminados com enterotoxina estafilocdcica pre-
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através das células caliciformes produtoras de muco e células epiteliais, onde comega seu processo de acdo.(C) A
liberagdo de serotonina por células mastocitarias ativadas, em resposta a toxina, estimula o nervo vago através da
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interacdo com o precursor 5-HT/serotonina, induzindo a resposta emética.(D) Agindo como um superantigeno, a
toxina desencadeia a ativacdo de células T e neutrdfilos ao se ligar a molécula MHC 11 em células apresentadoras
de antigenos e a0 TCR em células T, levando a uma liberacdo massiva de citocinas e uma intensa resposta
inflamatoria.

Fonte: Adaptado a partir de Etter et al. (2020).

No entanto, a gravidade dos sintomas varia com a suscetibilidade do individuo, com
pessoas que possuem sistemas imunoldgicos comprometidos, idosos, criangas pequenas ou
individuos com outras condi¢fes médicas subjacentes apresentando sintomas mais graves.
Além disso, a quantidade de enterotoxinas ingeridas influencia diretamente a gravidade das
reagOes, tornando o monitoramento e o controle dessas toxinas nos alimentos uma prioridade
critica para a seguranca alimentar (Bencardino; Amagliani; Brandi, 2021; Cavaiuolo et al.,
2023).

A cadeia produtiva de alimentos, especialmente no setor de laticinios, enfrenta desafios
significativos no controle das DVA. O processo de controle de qualidade deve comecar no
campo, abordando aspectos como nutri¢do, satde do rebanho, produtividade e sustentabilidade
ambiental (Garcia; Osburn; Cullor, 2019; Roy et al., 2024). A prevencdo de doencas e a adogédo
de programas de imunizagdo dos animais, juntamente com a reducdo do uso de antibioticos e
outros medicamentos veterinarios, sdo acdes vitais para garantir a qualidade final do produto
(Roy et al., 2024). Este enfoque €é crucial para mitigar riscos a saude pablica, manter os produtos

em conformidade com as normas sanitarias e prevenir DVA.

3.4.1 Staphylococcus aureus resistente a Meticilina: ameagas, resisténcia e a abordagem
de saude Unica

Desde a introducdo da penicilina na préatica clinica, as cepas de S. aureus tém
desenvolvido resisténcia antimicrobiana. Em 1944, cepas de S. aureus resistentes a penicilina
ja haviam sido identificadas (Abraham; Chain, 1940), e nos anos seguintes, observou-se 0
desenvolvimento de resisténcia a todas as penicilinas naturais. Varias cepas de S. aureus
resistentes a antibioticos se espalharam globalmente, apresentando sérios riscos a salde
(Titouche et al., 2019). S. aureus resistente a meticilina (MRSA), destaca-se como um patégeno
multidroga resistente na lista de patdgenos prioritarios da OMS (Avila-Nova et al., 2021; OMS,
2017). Inicialmente reconhecido como agente de infeccdo nosocomial, 0 MRSA agora esta
associado a DVA e foi identificado pela OMS como um patdgeno de resisténcia antimicrobiana
de alta prioridade (Abolghait et al., 2020; Cavaiuolo et al., 2023; Li et al., 2022).
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O MRSA é classificado em trés grupos: associado a cuidados de saude (HA-MRSA),
associado a comunidade (CA-MRSA) e associado a pecuaria (LA-MRSA) (Abolghait et al.,
2020; Roy et al., 2024). As primeiras cepas de MRSA foram relatadas em humanos na década
de 1960, inicialmente limitadas a ambientes hospitalares e afetando individuos
imunocomprometidos. No entanto, infec¢cdes adquiridas na comunidade por MRSA surgiram
na década de 1990, primeiro na Oceania e depois globalmente (Abolghait et al., 2020;
Doulgeraki et al., 2017).

A resisténcia a meticilina € mediada pelo gene mecA (ou seu homdélogo mecC), que
codifica uma nova proteina ligadora de penicilina (Penicilin Binding Protein, PBP), chamada
PBP2a, com baixa afinidade para antibioticos B-lactdmicos (Silva et al., 2020; Titouche et al.,
2019). As proteinas PBP2a codificadas por mecA e as proteinas PBP2c codificadas por mecC
diferem na afinidade aos antibidticos (Silva et al., 2020). A baixa afinidade de ligacdo aos
antibidticos concede ao patdgeno resisténcia, protegendo-o da inibicdo da sintese da parede
celular (Aung et al., 2017; Roy et al., 2024). Isso resulta no espessamento da parede celular,
aumento do efluxo de antibidticos, mutacdes nos alvos citoplasmaticos dos medicamentos e
alteracdes na modificacdo do antibiotico, que pode envolver a adicdo de grupos quimicos que
reduzem a eficacia do antibidtico. Algumas cepas de MRSA também carregam genes para
enterotoxinas, 0 que aumenta a sua viruléncia (Chen et al., 2022).

Outra preocupacdo é a capacidade do MRSA de formar biofilmes, uma capacidade
intrinseca regulada por complexos fatores genéticos (Avila-Nova et al., 2021). Isso permite que
S. aureus colonize varias superficies, aumentando o risco de contaminacdo cruzada entre
superficies, alimentos e humanos (Silva et al., 2020; Doulgeraki et al., 2017).

A descoberta de que o MRSA pode colonizar ou infectar animais de producdo e
humanos expostos a esses animais em Vvarios paises destaca a necessidade urgente de entender
sua transmissdo e impacto na saude unica. O contato direto humano-animal, a exposicdo a
ambientes contaminados e, principalmente, o consumo de alimentos de origem animal
contaminados sdo os principais meios pelos quais 0 MRSA se propaga para 0s humanos
(Doulgeraki et al., 2017). A presenca de MRSA em animais produtores de alimentos representa
uma ameaga significativa para a agricultura e a satde publica, com o potencial de causar surtos
alimentares de MRSA (Avila-Nova et al., 2021; Titouche et al., 2019).

A compreensao da saude Unica é crucial para abordar os riscos associados a0 MRSA
devido a sua natureza multidimensional, que abrange salde humana, animal e ambiental. A
transmissdo bidirecional entre humanos e animais, em particular, ressalta a necessidade de

estratégias integradas para conter a disseminagdo desse patdgeno resistente (Garcia; Osburn;
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Cullor, 2019; Roy et al., 2024). A presenca de MRSA em animais de producéo € uma ameaca
significativa, pois o contato direto com animais infectados ou a exposi¢éo a alimentos de origem
animal contaminados pode introduzir o patdgeno em popula¢des humanas.

Nos ultimos anos, o termo "saude unica" ganhou visibilidade, mas suas raizes remontam
ao século XIX. Naquela época, 0 médico alem&o Rudolf Virchow (1821-1902) ja enfatizava a
auséncia de barreiras entre a medicina animal e humana. No século XX, o veterinario americano
Calvin W. Schwabe (1927-2006) reforcou a importancia de integrar a saide humana, animal e
ambiental. Em suas pesquisas, ele enfatizou a necessidade de colaboracédo entre veterinarios e
médicos para resolver problemas globais de saide. Em seu livro "Veterinary Medicine and
Human Health™" (1984), Schwabe introduziu o termo "One Medicine", que mais tarde evoluiu
para "One Health" (saude Unica) (Garcia; Osburn; Cullor, 2019). O conceito de salde Unica
enfatiza o equilibrio entre o bem-estar humano, animal e ambiental, reconhecendo que esses
trés elementos estéo interligados e se influenciam mutuamente. Atualmente, a promocdo da
salde Unica é cada vez mais relevante devido ao aumento de doencas infecciosas.

Os desafios relacionados ao controle de S.aureus na cadeia produtiva de laticinios tém
implicacdes que véao além do setor alimentar, pois impactam diretamente na saude humana e
animal, dentro do conceito de salde Unica. Nesse contexto, a inovacao tecnolégica surge como
uma ferramenta vital para superar esses desafios. Tecnologias como o US tém mostrado grande
potencial para melhorar a seguranca e a eficiéncia na producéo de laticinios, contribuindo para

praticas mais seguras e saudaveis para todos.

3.5 Uso da tecnologia de Ultrassom na inativacédo de S. aureus

O controle eficaz e a inativacdo de cepas de S. aureus e suas toxinas sdo essenciais para
assegurar a seguranca dos alimentos e proteger a saude publica. A pasteurizagdo,
tradicionalmente utilizada na industria de laticinios, visa reduzir a carga microbiolégica nos
produtos lacteos (Aaliya et al., 2021; Dash et al., 2022; Najmitdinova, 2023). Embora eficaz na
inativacdo microbiana, o tratamento térmico convencional tem sido desafiado pela emergéncia
de cepas bacterianas resistentes, como 0 MRSA, impulsionando a busca por novas tecnologias
de processamento (Abolghait et al., 2020; Shoaib et al., 2023). Neste contexto, a tecnologia de
US desponta como uma alternativa promissora, ndo sé pela sua eficacia, mas também por ser
ambientalmente amigavel (Balthazar et al., 2019; Bernardo; Rosario; Conte-Junior, 2021;
Bhargava et al., 2021; Carrilho-Lopez et al., 2021).
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O ultrassom € definido como ondas sonoras de alta frequéncia que ultrapassam o limite
de percepc¢éo auditiva humana, tipicamente com frequéncias superiores a 20 kHz (Rathnakumar
et al., 2023; Scudino et al., 2020). As ondas sdo classificadas por parametros como amplitude,
comprimento de onda e frequéncia. Com base na frequéncia sonora, a aplicacdo do US pode
ser dividida em alta intensidade - baixa frequéncia (I
W/cm?) e F = 20 —100 Kilohertz (kHz) e baixa intensidade - alta frequéncia (I < 1 W/cm? e F >
1 Megahertz, MHz) (Balthazar et al., 2019; Bhargava et al., 2021; Carrilho-Lopez et al., 2021).

Assim, o US de alta frequéncia ou baixa intensidade é empregado para fins diagnosticos ndo

= 10-1000 Watts por centimetro quadrado

destrutivos, pois ndo causa modificacdes agudas na estrutura e nas caracteristicas do produto.
Por outro lado, o US de baixa frequéncia ou alta intensidade (>1 W/cm?) altera os atributos do
produto de maneira favoravel e é utilizado em processos destinados a melhorar a qualidade e a
seguranca dos produtos alimenticios (Balthazar et al., 2019; Rathnakumar et al., 2023).

O mecanismo de a¢do do US é fundamentado na cavitacdo acustica e no streaming

acustico (Figura 3).

Figura 3 — Mecanismos de acdo do ultrassom em meio liquido e seus efeitos microbioldgicos.
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(A) Fase inicial: Um transdutor de ultrassom é inserido em um recipiente contendo liquido, onde néo ha atividade
aparente. Apds a ativacdo do transdutor, ondas de ultrassom sdo emitidas, iniciando a formacdo de microbolhas.
(B) Comportamento das ondas de ultrassom e cavitagdo (compressoes e rarefacdes). As Microbolhas de cavitacdo
sdo formadas durante as rarefacoes e crescendo em tamanho devido a oscilagao das ondas. As bolhas aumentam
de tamanho, colapsam, liberando ondas de choque. (C) Efeitos bioldgicos do colapso de bolhas: As ondas de
choque causam o rompimento da parede celular da bactéria. A energia liberada forma radicais livres que se
transformam em peroxido de hidrogénio (H202). O estresse oxidativo resultante pode danificar o DNA das células
e causar peroxidacao lipidica, que afeta as membranas celulares e pode levar a alteracfes funcionais e estruturais
nas células.

Fonte: Adaptado a partir de Carrillo-Lpez et al. (2021).

Em ambientes geralmente liquidos, as ondas acusticas criam zonas de alta pressdo
(compressédo) e baixa pressdo (rarefacdo). Durante as fases de rarefacdo, microbolhas de gas
podem se formar e crescer. Quando estas bolhas atingem um tamanho critico, elas colapsam
violentamente. Antes do colapso das bolhas, as rapidas variacdes de pressdo induzidas pelas
ondas ultrassonicas causam turbuléncia e deslocamento de volume, conhecido como streaming
acustico (Guimaraes et al., 2021; Rathnakumar et al., 2023). O processo de geracéo,
crescimento e implosdo de bolhas € conhecido como cavitacéo acustica ou implosdo. Cavitagédo
é a formacdo, crescimento e colapso de microbolhas dentro de uma solugdo como resultado de
flutuacGes de pressdo causadas pelo campo ultrassonico aplicado. Este colapso é a causa da
ocorréncia de alta turbuléncia local, gerando 0 aumento de temperatura e pressao dentro da zona
de imploséo, capazes de produzir forgas de cisalhamento. O colapso violento de uma bolha de
cavitacdo resulta em diversos efeitos fisicos e quimicos no liquido, tais como microfluxo,
agitacdo, turbuléncia, jatos de liquido, ondas de choque e formacdo de Espécies Reativas de
Oxigénio (EROs). Esses fendmenos sdo capazes de induzir efeitos fisicos e quimicos
significativos no material em que s&o aplicados (Carrilho-Lopez et al., 2021; Soltani Firouz;

Farahmandi; Hosseinpour, 2019).

3.5.1 AplicacBes do Ultrassom na inativacédo de microrganismos em produtos lacteos

O ultrassom representa uma tecnologia emergente ecologicamente correta, com amplas
possibilidades de aplicacdo para o setor de leite e produtos lacteos (Bernardo; Rosério; Conte-
Junior, 2021). Tradicionalmente, os tratamentos térmicos convencionais tém sido amplamente
utilizados no setor de laticinios para reduzir a deterioragdo microbiana e prolongar a vida util
dos alimentos. No entanto, esses métodos frequentemente envolvem o aquecimento do

alimento a altas temperaturas por um determinado periodo, o que pode resultar em perdas
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nutricionais e alteragdes sensoriais significativas (Balthazar et al., 2019; Soltani Firouz;
Farahmandi; Hosseinpour, 2019; Guimarées et al., 2021).

Foi demonstrado que o US de alta intensidade, com niveis de poténcia variando de 1 a
1.000 W/cm?, leva a uma taxa mais rapida de formacéo de cavidades em comparagdo ao US de
baixa intensidade (<1 W/cm?) (Yu et al., 2021). Nesse sentido, estudos recentes tém explorado
0 uso do US de alta intensidade em laticinios e seus derivados, visando reduzir o tempo de
processamento e o consumo de energia, além de melhorar as caracteristicas fisico-quimicas dos
alimentos (Carrilho-Lopez et al., 2021; Soltani Firouz; Farahmandi; Hosseinpour, 2019).
Devido a diversidade de produtos lacteos e suas caracteristicas Unicas, 0 US de alta intensidade
tem sido amplamente estudado nesse setor, abrangendo uma variedade de produtos lacteos,
como leite cru, leite de ovelha, leite de bafala, iogurte, sorvete, queijo, entre outros (Balthazar
et al., 2019; Guimardes et al., 2021; Jalilzadeh et al., 2018; Scudino et al., 2020).

Recentemente, diversos estudos tém investigado a aplicagdo da tecnologia de US na
inativacdo microbiana (Martinez-Moreno et al., 2020; Nascimento et al., 2023; Yu et al., 2021).
Essa tecnologia apresenta a vantagem de inativar microrganismos sem causar 0s efeitos
colaterais dos tratamentos térmicos convencionais, que geralmente requerem altos niveis de
energia e podem comprometer o valor nutricional dos alimentos (Balthazar et al., 2019). O US
é uma técnica disruptiva que capaz de alterar as propriedades quimicas, bioquimicas, fisicas ou
mecanicas dos microrganismos, dependendo da intensidade do tratamento aplicado, como
frequéncia, poténcia, tempo de processamento e volume da amostra (Guimaraes et al., 2021).

A inativacdo de microrganismos pelo US pode ocorrer por meio de diversos

mecanismos, conforme ilustrado na Tabela 3.
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Tabela 3 — Fatores de processamento e inativagdo de microrganismos por ultrassom

Fatores de Unidade de e Inativacéo de
- Caracteristicas . .
processamento medida microrganismos
-Inversamente proporcional ao
tamanho das microbolhas.
- No US de Baixa Frequéncia,
as baixas frequéncias (20-100
kHz) geram grandes
microbolhas de cavitacdo,
levando a uma inativacdo
Frequéncia Hz microbiana eficiente.

-Mais eficaz na faixa de
frequéncia de 20 a 24 kHz.

- No US de Alta Frequéncia,
acima de 100 kHz formam
pequenas microbolhas,
resultando em  cavitagdo
insuficiente  para  inativar

bactérias.
- Maior intensidade resulta em
efeitos mecéanicos, térmicos e
W, WIL, -Quantidade de energia sonoquimicos mais
Intensidade Wi/kg, transmitida  pelas  ondas pronunciados, contribuindo
W/cmz2, J/L  ultrassonicas. para maior inativacao
microbiana.
- Maior amplitude leva a uma
Amplitude da 0 - Influencia o tamanho das intensificagdo da_1 cayl_tggap,
um, % . o resultando em maior eficiéncia
onda microbolhas de cavitag&o. oo T

na inativagdo microbiana.
-Otimizagdo  crucial  para
garantir uma  distribuicdo
Filme de -Refere-se a profundidade da homogénea da intensidade do

~ Cm,mm

compressao sonda dentro do reator US e, consequentemente,

eficiéncia uniforme na
inativagdo microbiana
- Hz: Hertz; US: Ultrassom; W: Watts; W/cm2: Watts por centimetro quadrado; J/L: Joules por litro; J/mL:
Joules por mililitro; J/cm?: Joules por centimetros ctbicos; um: Micrémetros; %: Porcentagem.

Fonte: Adaptado a partir Beitia et al. (2023).

Inicialmente, o ultrassom, ao induzir o fendmeno de streaming acustico, afeta a parede
celular das bactérias, causando-lhes estresse sem danificar a membrana. Tratamentos mais
prolongados e intensos, que resultam de rapidas variagdes de pressdo e temperatura, podem
levar ao colapso das bolhas e, consequentemente ao rompimento da membrana bacteriana ou
da parede celular por meio de cisalhamento. Isso resulta na liberagdo de material intracelular.
Os efeitos mais significativos incluem a ruptura da parede celular causada por microjatos,
mudancas na permeabilidade celular, inativacéo térmica devido a pontos de alta temperatura e

a producédo de EROs, como os radicais livres de hidroxila. Essas especies possuem propriedades
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oxidativas altamente reativas, capazes de comprometer a membrana celular e danificar o DNA
e as enzimas (Balthazar et al., 2019; Guimarées et al., 2021)

A eficacia letal do ultrassom é influenciada por diversos fatores, incluindo a frequéncia,
a poténcia ultrassbnica, a temperatura da amostra e o tempo de processamento (Guimardes et
al., 2021; Rathnakumar et al., 2023). No entanto, é desafiador comparar os resultados de
diferentes estudos, considerando somente esses parametros de forma isolada. I1sso ocorre porque
os efeitos da cavitacdo dependem desses parametros e pequenas variacbes podem alterar os
resultados em diferentes matrizes alimenticias (Aaliya et al., 2021). Adicionalmente, o0 sucesso
do tratamento ultrassdnico também esta relacionado as caracteristicas fisicas e biologicas
especificas dos microrganismos tratados. Embora microrganismos como leveduras e bactérias
(tanto Gram-positivas quanto Gram-negativas) sejam suscetiveis aos efeitos do US, é
necessario considerar as diferencas na estrutura da membrana celular e a possivel presenca de
capsulas protetoras, que podem reduzir a eficacia do US (Guimaraes et al., 2021).

Embora a tecnologia de US represente uma abordagem promissora, ndo destrutiva, ndo
térmica e ecologicamente correta, é importante destacar que sua eficicia pode ndo ser
completamente eficaz em todas as situagdes. Um dos principais desafios reside na aplicacdo do
US em operacOes de grande escala. Além disso, o tratamento apenas com US demonstrou
possuir atividade antibacteriana e contra biofilmes limitada na inativac&o de células bacterianas
(Martinez-Moreno et al., 2020; Yu et al., 2021). Diante disso, diversos pesquisadores tém
explorado métodos de inativacdo sinérgica para aprimorar a eficiéncia dessa técnica.

As limitacBGes inerentes as varias técnicas de inativacdo microbiana impulsionaram o
desenvolvimento e a implementacdo da tecnologia de obstaculos, também conhecida como
tratamento combinado. Essa estratégia incorpora o uso inteligente de combinacgdes de diferentes
fatores ou técnicas de preservacdo (chamados de "obstaculos™) para alcancar efeitos de
preservacdo multidirecionais (Leistner; Gorris, 1995). A combinacdo de tecnologias térmicas e
ndo térmicas desempenha um papel crucial na reducdo bacteriana. Ao empregar diferentes
técnicas conjuntamente, como uma série de obstaculos (quimicos, fisicos ou ambientais), cria-
se um ambiente adverso para 0s microrganismos nos alimentos, perturbando sua homeostase
de maneira temporéaria ou permanente (Aaliya et al., 2021; Bernardo; Rosario; Conte-Junior,
2021).

A sonicacdo, especialmente quando combinada com calor (termossonicagdo) ou pressao
(manossonicagdo e manotermossonicacdo), pode inativar microrganismos patogénicos e

deteriorantes presentes nos alimentos. Isso é conseguido através dos efeitos mecénicos e
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térmicos da cavitacdo ultrassénica, que danificam as células bacterianas, levando & sua
inativacdo (Martinez-Moreno et al., 2020).

A termossonicacdo € também destacada como uma estratégia promissora para a
inativacdo microbiana, combinando US e calor, eficaz na reducdo ou eliminacdo de
microrganismos em alimentos, incluindo bactérias, leveduras e fungos (Martinez-Moreno et al.,
2020; Nascimento et al., 2023; Rathnakumar et al., 2023). Esta tecnologia de obstaculo é
vantajosa por minimizar 0 impacto nas caracteristicas organolépticas e nutricionais dos
alimentos, além de requerer menor tempo de processamento e energia, quando combinada com
tratamento térmico suave. Entretanto, desafios como custos elevados de equipamento e a
definicdo de parametros de processo adequados para a inativacdo bacteriana sem perda de
qualidade sensorial e nutricional sdo notaveis (Abdulstar; Altemini; Al-Hilphy, 2023).

Neste contexto, nosso grupo de pesquisa, conduziu um estudo sobre a aplicacdo da
termossonicacdo em produtos lacteos, com um enfoque particular em cremes. Avaliamos a
eficacia desta técnica na inativacdo de MRSA durante processos de pasteurizacao lenta e rapida,
observando uma reducdo de até 4,72 log UFC/mL em contagens de MRSA em creme. Esses
resultados foram comparaveis a reducao de 4,82 log UFC/mL obtida por meio da pasteurizacdo
convencional, destacando a termossonicacdo ndo apenas como uma alternativa energeticamente
mais eficiente, mas também eficaz em preservar a seguranga microbioldgica do creme e reduzir
o0 tempo de processamento (Nascimento et al., 2023). Da mesma forma, Balthazar et al. (2019)
investigaram a aplicacdo do tratamento ultrassénico em leite de ovelha semidesnatado, tanto
fresco quanto congelado, e seus efeitos na qualidade microbiol6gica. Os tratamentos com US
resultaram em uma reducédo significativa da contaminacdo bacteriana em comparagdo com
amostras de leite ndo tratadas, assim como o tratamento de pasteurizacdo em alta temperatura
por curto tempo. Especificamente, foi observada a eliminacdo ou inativacdo eficaz de

coliformes totais e Staphylococcus spp.

3.5.2 Desafios para aplicacao industrial

A implementacdo da tecnologia de US em escala industrial enfrenta varios desafios, que
incluem os elevados custos de aquisicdo e instalacdo dos equipamentos especializados, a
necessidade de ajustes na gestdo e na linha de producéo, e a complexidade operacional e
manutencdo desses sistemas (Bernardo; Rosario; Conte-Junior, 2021). Contudo, diversos
estudos apontam que o US pode se destacar como uma alternativa superior as metodologias

tradicionais de processamento, particularmente no setor lacteo, que se destaca como um
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seguimento significativo na industria alimenticia, com uma vasta gama de produtos oriundos
de diferentes processos (Guimaraes et al., 2021). Os beneficios tecnoldgicos incluem
aprimoramento na homogeneizacdo, emulsificacdo, reducdo do tamanho dos globulos de
gordura e na qualidade nutricional dos produtos (Carrilho-Lopez et al., 2021), diminuicdo do
tempo de maturagéo e fermentagéo de queijos, bem como na inativacdo bacteriana (Balthazar
et al., 2019; Nascimento et al., 2023; Rathnakumar et al., 2023; Scudino et al., 2020). Além
disso, 0 US mostra ser eficaz na inativacdo de diversas enzimas relacionadas aos produtos
lacteos, como fosfatase alcalina, lactoperoxidase e y-glutamil transpeptidase, preservando os
sabores naturais dos alimentos (Rathnakumar et al., 2023). Suas aplica¢bes se estendem a
estabilizacdo cinética, ruptura celular, liberacdo de compostos bioativos e melhoria da
cristalizacdo de agua e lactose, evidenciando sua versatilidade para melhorar a qualidade e
seguranca dos alimentos, consolidando-se como uma tecnologia eficiente para a conservacgéo
de nutrientes, prolongando a vida Util e melhoria na qualidade dos produtos lacteos (Bhargava
et al., 2021; Guimaraes et al., 2021).

O ultrassom tem um papel importante na formacdo firme e estavel de gel pela
desnaturacdo das proteinas do soro, fragmentacdo das micelas de caseina, e recombinacéo da
fragéo proteica, resultando em um iogurte mais consistente (Carrilho-Lopez et al., 2021). N&o
foram observados efeitos adversos significativos na coesividade ou na elasticidade do queijo
branco ultrafiltrado decorrentes do uso do US. A sonicacdo levou a um aumento da acidez e a
uma reducdo dos valores de pH em comparacdo com as amostras controle, sem afetar
negativamente o conteudo de gordura ou proteina do queijo. Ademais, o tratamento ultrassénico
acelerou os processos de lipélise e prote6lise, culminando em uma maior producdo de acidos
graxos livres e nitrogénio soltvel em agua. Essas alteracdes contribuem para o aprimoramento
do sabor e aroma do queijo, melhorando suas propriedades fisico-quimicas e sensoriais durante
0 processo de maturacdo (Jalilzadeh et al., 2018).

As pesquisas realizadas em laboratdrios sob condicGes controladas sugerem que 0s
resultados experimentais alcangados podem ndo ser facilmente replicaveis em escala industrial,
devido as diferengas na quantidade de material processado e a necessidade de sistemas mais
robustos para o processamento em larga escala (Soltani Firouz; Farahmandi; Hosseinpour,
2019). Além disso, o uso do US em alta intensidade acarreta algumas desvantagens que exigem
estudos mais aprofundados para sua adogdo em escala industrial. A aplicacdo do US em altas
intensidades pode gerar calor devido ao aumento da temperatura, 0 que pode impactar
negativamente as caracteristicas organolépticas e nutricionais dos produtos alimenticios. Pode

também levar a peroxidacdo lipidica, alterar a estrutura fisica dos alimentos, desintegrar
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componentes como proteinas e emulsificantes, modificar o pH e, em casos extremos, gerar
subprodutos toxicos. Os radicais livres, gerados pela cavitacdo, podem induzir a oxidacao
lipidica, ocasionando sabores e odores desagradaveis, desnaturacdo de proteinas, e reducdo do
conteudo fendlico total devido a degradacdo do acido ascorbico. A combinacdo do US com
temperatura e pressao também pode levar & formacdo de radicais livres que desencadeiam
reacOes danosas a estrutura das proteinas, comprometendo a textura dos alimentos. Assim, a
otimizacdo da intensidade e do uso combinado do US antes de sua aplicacdo se torna essencial
(Bhargava et al., 2021).

Bernardo, Rosario, Conte-Junior. (2021) ressaltam as principais restricdes ao emprego
do US em larga escala na industria de produtos lacteos, como na descontaminacdo do leite.
Essas limitacdes estdo fortemente ligadas a morfologia bacteriana e a composicdo da parede
celular das bactérias. Bactérias Gram-positivas, caracterizadas por uma camada espessa de
peptidoglicano, apresentam maior resisténcia aos efeitos deletérios do US (Balthazar et al.,
2019; Herceg et al., 2020; Shamila-Syuhada et al., 2016). A propria composi¢do do leite pode
intensificar a resisténcia bacteriana frente a tratamentos fisico-quimicos, com a lactose atuando
como um agente sonoprotetor ao estabilizar fosfolipidios e proteinas, diminuindo assim a
eficdcia do US na inativacdo bacteriana (Gera; Doores, 2011). Esporos bacterianos, devido a
sua robustez fisica, incluindo varias camadas de protecdo e a habilidade de se desidratar,
mostram maior resisténcia ao calor tmido em comparagdo com as células vegetativas (Gao et
al., 2014).

Estes desafios destacam a falta de consenso sobre a definicdo e apresentacdo dos
parametros de processamento na ultrassonicagdo, assim como na metodologia para o calculo da
energia acustica real empregada (Guimardes et al., 2021; Scudino et al., 2020). Esses sdo
aspectos cruciais para permitir comparacdes efetivas entre diferentes estudos. Além disso,
torna-se imprescindivel a realizacdo de mais pesquisas para definir parametros de processo
ajustados a cada objetivo especifico de seguranca, seja ele tecnolégico ou microbioldgico, e
que sejam adequados ao tipo particular de produto lacteo em analise.
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4 MATERIAL E METODOS

4.1 Amostras de Creme de leite e cepas bacterianas

As amostras de creme cru foram adquiridas de uma fébrica de laticinios em Séo
Sebastido do Passé, Bahia, Brasil (coordenadas: 12°30°45,5” S, 38°29°27,2” W), com uma
concentracdo de gordura de 35%. As amostras foram transportadas em caixas isotérmicas,
mantendo a temperatura controlada em4 + 2 °C) e, posteriormente armazenadas sob
refrigeracdo a 5 + 2 °C até o momento do seu processamento. Este estudo envolveu cinco cepas
de S. aureus resistentes a -lactamicos (MRSA), todas associadas a atividades pecuérias no
Brasil, conforme descrito por Silva et al., 2020. Destacam-se entre as cepas, a 30PD.1 e
32AD.1, isoladas do leite de vaca; a cepa 3N proveniente da cavidade nasal de um ordenhador;

e as cepas 1T.1 e SFT.1, isoladas das tetas das vacas.

4.2 Preparacao de suspensdes de MRSA

Cada isolado de MRSA foi preservado em caldo triptico de soja (TSB; HiMedia,
Mumbai, india) enriquecido com 20% de glicerol e mantido a -80 °C. No inicio do experimento,
os isolados foram descongelados a temperatura ambiente e cultivados individualmente em 10
ml de caldo Brain Heart Infusion (BHI) (Difco, Detroit, EUA) a 36 °C durante 24 horas. Para
assegurar a pureza das col6nias, cada isolado foi semeado em agar Baird-Parker (Merck,
Darmstadt, Alemanha) e incubado a 36 °C por 48 horas. Posteriormente, uma tnica coldnia de
cada placa foi transferida para 10 ml de caldo BHI e submetida a dois ciclos adicionais de
cultivos de 24 horas a 36 °C. Ap6s a incubagdo, as culturas foram centrifugadas a 3.500 rpm
por 10 minutos a 4 °C usando uma centrifuga (Spin Max 80-2B; Medmax, Baueri, Brasil). Os
sobrenadantes foram descartados e os sedimentos lavados duas vezes com solucdo salina
tamponada com fosfato (PBS) a pH 7,2. As células foram ressuspensas em PBS utilizando um
vortex. Estas suspensdes foram combinadas em proporcdes iguais em um frasco Erlenmeyer
estéril, resultando em uma suspensdo mista contendo todas as cinco cepas. A densidade dptica
da suspensao foi padronizada para 0,5 (OD600), o que corresponde a 108 UFC/mL, confirmada
por contagem de colonias em agar Baird-Parker apds um periodo de incubacdo de 48 horas a

36 °C, e medida por um espectrofotometro (Specord 200plus, Analytik Jena, Alemanha).

4.3 Contaminacao artificial de amostras de creme de leite
Para a contaminagé&o artificial das amostras de creme de leite, utilizou-se uma suspensao

bacteriana na concentragdo de 106 UFC/mL. Inicialmente, 2 mL do indculo foram adicionados



|46

a 200 mL de creme de leite. Apds a adicdo, as amostras foram deixadas em repouso por 5
minutos antes de serem submetidas aos tratamentos. Os procedimentos de tratamento foram
organizados em duas categorias principais: 1) pasteurizacdo e 2) pasteurizacdo seguida de
sonicacao, referidas como grupos de termossonicacéo. Essas categorias foram subdivididas em

um total de dez variagdes de tratamento, conforme detalhado na Tabela 4.

Tabela 4 — Pardmetros de processamento utilizados nos tratamentos e contagens de
Staphylococcus MRSA e microrganismos indicadores (log UFC/mL) em amostras de creme de
leite tratadas com pasteurizacao e termosonicacdo imediatamente apds o processamento (0 d),
aos 14 dias e 30 dias de armazenamento refrigerado (5 + 0,5 °C).

Power Pulso Densu{ja_de Temperatura Tempo de Tempo Tempo total
Treatmento (W) (s) energética (°C) pasteurizagio _de i de
(J/cm?3) sonicagdo processamento

IUNT - - - - - - -
NIP-72 - - - 72 20 sec - -
NIP-65 - - - 65 40 min - -
IP-72 - - - 72 20 sec - -
IP-65 - - - 65 40 min - -

USl 31 0 0.39 72 3 sec 3 sec 6 sec
us2 31 0 0.72 72 5 sec 5 sec 10 sec
usS3 31 0 1.47 72 10 sec 10 sec 20 sec
US4 35 30 24.44 65 5 min 5 min 10 min
uUS5 33 30 48.30 65 10 min 10 min 20 min
US6 35 30 119.06 65 15 min 15 min 30 min

UNIT. Amostra inoculado e ndo tratado; NIP-72. Amostra ndo inoculada e pasteurizagéo rapida; NIP-65. Amostra
ndo inoculada e pasteurizacao lenta; IP-72. Amostra inoculada e pasteurizagdo rapida; 1P-65. Amostra inoculada
e pasteurizagdo lenta; US1. Amostra inoculada, pasteurizagdo rapida e sonicagdo por 3s; US2. Amostra inoculada,
pasteurizacao rapida e sonicagdo por 5 s; US3. Amostra inoculada, pasteurizagdo rapida e sonicagdo por 10 s; US4.
Amostra inoculada, pasteurizagdo lenta e sonicacdo de 5 min; US5. Amostra inoculadoa, pasteurizagéo lenta e
sonicagdo por 10 min; US6. Amostra inoculada, pasteurizagdo lenta e sonicacdo por 15 minutos.

s: segundos; min: minutos; J/cm3; Joules por centimetros cubicos; °C: graus Celsius

4.4 Armazenamento e tratamento térmico de amostras de creme de leite

Para avaliar o efeito do ultrassom em combinac¢do com o calor (termossonicacdo) em
comparagdo ao método convencional de pasteurizacdo, volumes iguais de 200mL de creme de
leite cru foram tratados de duas maneiras: pasteurizacdo rapida a 72 °C por 15 segundos e
pasteurizacdo lenta a 65 °C por 40 minutos, conforme descrito em nosso estudo anterior
(Nascimento et al., 2023).
O processo de aquecimento foi realizado em frascos de vidro estéreis e fechados, colocados em
um banho-maria com controle térmico e agitacdo constante, assegurando uma dispersao

homogénea do calor nas amostras durante o tratamento. A temperatura do
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0 banho de aquecimento foi controlado, mantendo-se em 72+1 °C ou a 651 °C para facilitar
uma transferéncia de calor eficaz. A temperatura do creme de leite foi monitorada com um
termOmetro colocados diretamente nos frascos.

Apds a conclusdo dos tratamentos de pasteurizacdo, as amostras foram resfriadas
progressivamente até atingirem aproximadamente 20 °C, utilizando um banho de gelo. As
amostras de creme de leite pasteurizado foram ent&o designadas como amostras controle para

todos o0s experimentos subsequentes.

4.5 Tratamentos Ultrassonicos e Termossonicos de creme de leite

Amostras de creme de leite fresco (200 mL) foram colocadas em béqueres estéreis de
300 mL, utilizados como recipientes para os tratamentos. Os tratamentos ultrassénicos foram
efetuados utilizando um processador ultrassénico VC 505 (Vibra-Cell, Sonics & Materials,
Connecticut, EUA) que possui poténcia maxima de entrada 500 W e tensdo de 220 V, equipado
com uma sonda de 13 mm de diametro e frequéncia de 20 kHz. Detalhes adicionais dos
parametros de processamento, como poténcia ultrassénica (P), duracdo, temperatura (T) e
densidade de energia (DE), estdo disponiveis na Tabela 4.

A sonda ultrassonica foi imersa na amostra a uma profundidade de 20 mm abaixo da
superficie em todos os experimentos. Para a termossonicacdo, utilizou-se 50% da poténcia
nominal de saida, correspondendo a aproximadamente 31W e 35W para pasteurizacdo lenta e
rapida, respectivamente. Os tempos de exposicdo foram estabelecidos em 5, 6 e 10 segundos
para a pasteurizacdo rapida, e 5,10 e 25 minutos para a pasteurizacao lenta em modo pulsado.

Durante a termossonicacdo, cada amostra foi aquecida até a temperatura de
pasteurizacdo e colocada meticulosamente em um béquer encamisado de 600 mL para manter
a temperatura constante. Para assegurar a estabilidade térmica, utilizou-se um sistema de
circulacdo continua de agua no béquer, acoplado a um banho-maria termostatico (Tecnal,
Modelo: TE2000), permitindo um controle preciso da temperatura, que foi monitorada por um
termdmetro IR (Raytek - MiniTemp FS, Raytek, Melrose, EUA). Apds os tratamentos, todas as
amostras foram prontamente resfriadas em banho de agua gelada mantido a 2 + 1 °C

subsequentemente armazenadas em refrigerador a 4 + 0,5 °C ate a realizacao das analises.

4.6 Determinacdo da densidade energética e variagdo da temperatura ao longo do tempo
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A densidade de energética foi calculada com base na poténcia nominal (W), tempo (s)
de processamento e volume da amostra (mL) (Eg. 1). Além disso, as amostras de creme de leite
foram expostas a sonicagdo sob condicGes adiabaticas, com a temperatura sendo medida antes
e depois do tratamento ultrassonico para estabelecer a relacdo entre o aumento do tempo de

sonicagdo e o aumento da temperatura (A T) (Eg. 2). monitorada no inicio e ao final do processo.

Equacao (1)

mL Volume da amostra (mL)

Densidade energética[ J J = Poténcia nominal (W) *tempo de processamento ()
Equacao (2)
AT=T final =T inicial

Onde:
T final € @ temperatura ao final do periodo considerado

T inicial € @ temperatura no inicio desse periodo
4.7 Analises microbioldgicas e avaliacdo dos tratamentos

A eficacia dos tratamentos foi avaliada por meio das contagens de S. aureus
imediatamente apds o processamento (dia 0) e em intervalos durante o periodo de estocagem
(dias 15 e 30), seguindo as diretrizes estabelecidas pela American Public Health Association
(APHA).

Além disso, um grupo de controle positivo, composto por amostras inoculadas e ndo
submetidas a sonicacdo (IP-72 e IP-65), foi incluido para permitir a comparacdo de reducGes
logaritmicas. Para a contagem, foram utilizadas trés por¢oes de 10mL de creme, as quais foram
homogeneizadas e subsequentemente diluidas em série em 90 ml de agua peptonada a 0,1%
(Merck, Darmstadt, Alemanha), utilizando um Stomacher (Stomacher 80, Seward, Londres,
Reino Unido). As diluicOes resultantes foram entdo espalhadas em &gar Baird-Parker e
incubadas a 36 + 1 °C por 48 horas. As col6nias foram contadas eletronicamente utilizando o
contador Flash & Go (IUL Instruments, Barcelona, Espanha), e os resultados expressos em log
UFC/mL.

Além de S. aureus, a presenca de bactérias aerobias mesofilas e enterobactérias foi

avaliada utilizando a técnica pour plate e os meios de cultura Plate Count Agar e Violet Red
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Bile Glucose Agar (VRBGA), respectivamente (PCA, Kasvi®, SP, Brasil), com incubacdo a
35 °C por 48 horas e 24 horas, respectivamente. A andlise de bolores e leveduras foi realizada
utilizando a técnica spread plate com o meio de cultura Dichloran Rose Bengal
Chloramphenicol Agar (DRBC, Difco, Detroit, EUA) e incubacéo a 25 °C em BOD por 5 dias.
Para a inativacdo microbiana, o nimero de reducdes logaritmicas (y) foi calculado e acordo

com Pflug (2010), utilizando a seguinte equagéo:

Equacéo (3)
v = log,((Ny) —log,o(Ny)

Onde:
No representa 0 nimero de microrganismos viaveis no produto ndo processado

Nt € 0 numero de microrganismos viaveis apos o tratamento.
4.8 Anélise estatistica

Todas as andlises foram conduzidas em triplicata, tanto na escala analitica quanto
experimental. Os resultados foram expressos como média = desvio padrdo (DP). Apds a
tabulacdo dos dados, procedeu-se com analises descritivas para explorar as caracteristicas dos
dados coletados. A selecdo entre testes estatisticos paramétricos e ndo paramétricos foi
determinada com base no teste de normalidade de Shapiro-Wilk.As comparacdes entre 0s
tratamentos foram feitas por meio de Andlise de Variancia para medidas repetidas (One-Way
ANOVA), seguida do teste de Tukey para comparacdes multiplas. As diferencas entre 0s
diferentes dias de armazenamento foram analisadas por meio de ANOVA seguida de teste de
Tukey ou teste t ndo pareado com correcdo de Welch, quando apropriado. O nivel de
significancia estabelecido foi de p<0,05, com um intervalo de confianca de 95%. O software
GraphPad Prism (GraphPad Software, San Diego, EUA) versao 10.2.2 foi utilizado para realizar

analises estatisticas e visualizar os dados graficamente.
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Abstract:

Methicillin-resistant Staphylococcus aureus (MRSA) poses a significant challenge to the dairy
industry, necessitating robust strategies to ensure food safety. This study focuses on the efficacy
of thermosonication, a novel technology combining ultrasound and heat, in reducing MRSA in
milk cream. Comparative analysis is conducted with conventional pasteurization, the industry
standard. Results indicated that thermosonication effectively reduces MRSA counts by up to
4.72 log CFU/mL, akin to pasteurization's reduction of 4.82 log CFU/mL. This finding
highlights the potential of thermosonication as a rapid, energy-efficient alternative to
pasteurization in the dairy industry, significantly reducing processing time while maintaining
microbial safety. Further exploration and optimization of these techniques promise enhanced
food safety and quality control in dairy products, addressing the growing concern of antibiotic-
resistant strains like MRSA. This research lays a foundation for innovative approaches and

underscores the significance of quantitative data in food safety research.

Keywords: MRSA; ultrasound; thermosonication, bacterial reduction, food safety.
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Abstract: Methicillin-resistant Staphylococcus aureus (MRSA) poses a significant challenge
to the dairy industry, necessitating robust strategies to ensure food safety. This study fo-
cuses on the efficacy of thermosonication, a novel technology combining ultrasound and
heat, in reducing MRSA in milk cream. Comparative analysis is conducted with conven-
tional pasteurization, the industry standard. Results indicate that thermosonication effec-
tively reduces MRSA counts by up to 4.72 log CFU/mL, akin to pasteurization’s reduction
of 4.82 log CFU/mL. This finding highlights the potential of thermosonication as a rapid,
energy-efficient alternative to pasteurization in the dairy industry, significantly reducing
processing time while maintaining microbial safety. Further exploration and optimization
of these techniques promise enhanced food safety and quality control in dairy products,
addressing the growing concern of antibiotic-resistant strains like MRSA. This research
lays a foundation for innovative approaches and underscores the significance of quanti-
tative data in food safety research.

Keywords: MRSA; ultrasound; thermosonication; bacterial reduction; food safety

1. Introduction

Milk cream holds a significant place within the realm of dairy products in the
diets of Brazilians, primarily due to its versatility. It plays a pivotal role as an
essential ingredient in a diverse spectrum of culinary preparations, serving as an
integral component in various sweet and savory dishes [1]. It is worth noting that
creams available on the Brazilian market exhibit discernible disparities, primarily
stemming from variances in their heat treatment processes and fat content.
Among the available options, UHT (Ultra-High Temperature) creams, character-
ized by an average fat content of 20%, offer a unique proposition [2]. These creams
undergo processing that imparts an extended shelf life and allows them to be
stored at ambient temperatures until opened, enhancing their convenience and
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accessibility. In contrast, pasteurized creams, which, on average, contain approx-
imately 35% fat, represent a distinct category [2].

The pasteurization process entails subjecting the cream to a specific temper-
ature for a predetermined duration, thereby ensuring the elimination of harmful
microorganisms while preserving the cream’s organoleptic attributes. This differ-
entiation in fat content and heat treatment provides consumers with a valuable
array of choices, enabling them to select the cream that aligns with their culinary
requirements and dietary preferences. However, pasteurized cream is inherently
less microbiologically stable due to the lower temperature employed during its
production process. The lower temperature range used in pasteurization, while
sufficient to eliminate harmful microorganisms, does not provide the same level
of microbiological stability as UHT processing. Consequently, pasteurized cream
is more susceptible to microbiological variations during storage and possesses a
relatively shorter shelf life. In this context, to safeguard the quality and safety of
pasteurized cream, it is essential to adhere to stringent microbiological criteria.
These evaluations encompass the quantification of total and thermotolerant coli-
forms, mesophilic aerobic microorganisms, and coagulase-positive Staphylococcus
[2], which collectively provide valuable insights into the cream’s microbiological
status and suitability for consumption.

Staphylococcus aureus, particularly its methicillin-resistant strains (MRSAs),
raises significant concerns due to its capacity to induce foodborne illnesses and its
growing resistance to conventional antibiotics [3]. Notably, recent times have wit-
nessed a substantial upsurge in the exploration of innovative techniques aimed at
ensuring the safety and quality of dairy products. This surge is partly attributed
to the increasing challenges posed by antibiotic-resistant pathogens, prompting a
heightened focus on the development of novel solutions [4-6]. This drive for in-
novation arises from the need to meet the demands of the global market, as well
as consumers’ expectations for products that are minimally processed, palatable,
healthy, and, above all, safe for consumption [7,8]. Thus, the microbiological
safety of dairy products, including creams, stands as a paramount concern, rep-
resenting a pivotal nexus between the food industry and public health. In re-
sponse to these imperatives, the application of ultrasound, often referred to as
sonication, emerges as a promising alternative technology with the potential to
significantly enhance various facets of dairy production processes.

High-intensity ultrasound (HIUS) is a promising approach for enzymatic in-
activation, nutritional and sensory quality improvement, and microbiological
safety in dairy products [8]. According to Bernardo et al. [9], the integration of
ultrasound in milk processing offers advantages like flavor preservation, better
homogeneity, and energy efficiency compared with traditional methods. How-
ever, it can lead to mild physicochemical changes, like lipid oxidation in raw milk
and volatile compound production in pasteurized milk. Some improvements in-
clude changes in the freezing point, reduced fat globule size, and dry milk recon-
stitution. Ultrasound treatment varies in effectiveness based on factors like fre-
quency, amplitude, and duration, and its impact on dairy matrices is influenced
by factors like microbiology and energy dissipation from cavitation bubbles [9].
Despite its potential, the implementation of ultrasound technology in the dairy
industry requires considerations beyond technical aspects. Factors like cost,
profit, consumer perceptions, and financial viability play essential roles in the
adoption of this technology [9].
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Moreover, thermosonication, an innovative methodology that integrates ul- 94
trasound with concurrent heat application, establishes a synergistic process, am- 95
plifying the effectiveness of conventional pasteurization techniques. This tech- 9
nique offers compelling advantages in terms of the inactivation of pathogenic mi- 97

croorganisms and the preservation of dairy product quality [10]. Indeed, the ex- 98

isting body of research pertaining to ultrasound treatment in dairy products has 99

predominantly concentrated on milk and dairy beverages. However, it is impera- 100
tive to extend this investigative framework to encompass a broader array of dairy 101
commodities, including cream [11]. The lipophilic nature of fat renders it an effec- 102
tive sanctuary for microorganisms, shielding them from the rigors of conventional 103
pasteurization procedures. Therefore, it becomes crucial to gain a comprehensive 104
understanding of the effectiveness of ultrasound treatment, especially when com- 105

bined with pasteurization, as it pertains to milk cream. Such exploration repre- 106
sents a viable strategy for enhancing the safety and quality of this dairy product. 107
Within this context, this communication aims to assess the impact of the pasteur- 108
ization time (slow and fast) reduction via the association of sonication-pasteuri- 109
zation on the inactivation of MRSA strains in milk cream. 110
2. Materials and Methods 111
2.1. Preparation of MRSA Suspensions 112

Five strains of mecA-positive [-lactam-resistant Staphylococcus aureus (MRSA) 113
associated with livestock activities in Brazilian territory were used in this study. 114
Specifically, strains 30PD.1 and 32AD.1 were isolated from cow milk, strain 3N 115
originated from a milker’s nasal cavity, and strains 1T.1 and SFT.1 were isolated 116
from cow teats [12]. 117

Each isolate was stored in tryptic soy broth (TSB; HiMedia, Mumbai, India) 118
supplemented with 20% glycerol and maintained at -80 °C. To initiate the exper- 119
iment, the isolates were thawed at room temperature and individually cultured 120
in 10 mL of Brain Heart Infusion (BHI) broth (Difco, Detroit, MI, USA) at 36 °C for 121
24 h. To ensure the purity of colonies, each isolate was streaked onto Baird-Parker 122
agar (Merck, Darmstadt, Germany) and incubated at 36 °C for 48 h. Subsequently, 123
a single colony from each plate was transferred to 10 mL of BHI broth, followed 124
by two successive 24 h cultivations at 36 °C. After incubation, the contents of the 125
test tubes were centrifuged at 3500 rpm for 10 min at 4 °C using a centrifuge (Spin 126
Max 80-2B; Medmax, Baueri, Brazil). The resulting supernatants were discarded, 127
and the pellets were washed with phosphate-buffered saline (PBS) at pH 7.2, re- 128
peating this washing process twice. The cells were then resuspended in PBS using 129
a vortex mixer. These resultant suspensions were combined in equal proportions 130
within a sterile Erlenmeyer flask, resulting in a single pooled suspension contain- 131
ing all five strains. To ensure uniformity, the concentration of the pooled suspen- 132
sion was standardized to an optical density of 0.5 (ODsw), corresponding to 10 133
CFU/mL, as confirmed by colony counting on Baird-Parker agar plates following 134
a 48 h incubation at 36 °C, and measured using a spectrophotometer (Specord 135
200plus, Analytik Jena, Jena,Germany). 136

2.2. Inoculation, Pasteurization, and Sonication Treatment 137

Raw cream was acquired from Taquipe Agropecudria (Sao Sebastido do 138
Passé, Bahia, Brazil;, coordinates: 12°30'45.5” S, 38°29'27.2” W), with a standard- 139
ized fat content of 35%. Artificial contamination was performed by introducinga 140
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bacterial suspension at a concentration of 10° CFU/mL into 200 mL of milk cream. 141
Specifically, 2 mL of the inoculum was added, followed by a 5 min stand period 142

before proceeding with the treatment. The treatments were divided into two cat- 143
egories, (1) pasteurization and (2) pasteurization and sonication (thermosoni- 144
cation groups), resulting in a total of ten treatment variations (Table 1). Each sam- 145

ple designated for thermosonication was heated to pasteurization temperature 146
and meticulously placed into a 250 mL jacketed beaker to maintain pasteurization 147
temperature. 148

HIUS technology was employed, utilizing a 13 mm ultrasound probe witha 149
frequency of 20 kHz and a maximum input ultrasonic power of 500 W (VC-505 150
Ultrasonic Processor; Sonics Materials, Newtown, CT, USA). Within 250 mL glass 151
tubes, 200 mL of each sample underwent the sonication process, with the probe 152
consistently positioned 20 mm below the surface of the sample in all experiments. 153
Detailed processing parameters, including power, duration, temperature, and en- 154
ergy density, can be found in Table 1. To maintain a stable and controlled temper- 155
ature during the thermosonication process, a jacketed beaker with a continuous 156
water circulation system was employed. This system was linked to a thermostatic 157
water bath (Tecnal, Model: TE2000), ensuring precise temperature control 158
throughout the process, monitored using a calibrated thermometer. Following 159
pasteurization and thermosonication treatments, all samples were promptly 160
cooled in an ice-water bath maintained at a temperature of 2 +1 °C and then stored 161
in a refrigerator at 4 + 0.5 °C until analysis. 162

Table 1. Processing parameters used in the milk cream treatments. 163

Processing Parameters

Treatment Power (W) Pulse (s) Energy Density Time Temperature
(J/cmd) O

IUNT - - - - -

NIP-72 - - - 15s 72

NIP-65 - - - 40 min 65

IP-72 - - - 15s 72

IP-65 - - - 40 min 65

US1 31 0 78 3s 72

us2 31 0 140 5s 72

US3 31 0 290 10s 72

US4 35 30 4900 5 min 65

uss 33 30 9700 10 min 65

use 35 30 23,800 25 min 65

IUNT, inoculated and untreated; NIP-72, not inoculated and rapid pasteurization; NIP-65, not inoc- 164
ulated and slow pasteurization; IP-72, inoculated and rapid pasteurization; IP-65, inoculated and 165
slow pasteurization; USI, inoculated, rapid pasteurization, and 3 s sonication; US2, inoculated, 166
rapid pasteurization, and 5 s sonication; US3, inoculated, rapid pasteurization, and 10 s sonication; 167
US4, inoculated, slow pasteurization, and 5 min sonication; US5, inoculated, slow pasteurization, 168
and 10 min sonication; US6, inoculated, slow pasteurization, and 25 min sonication. 169
2.3. Bacterial Enumeration 170

To assess the efficacy of the treatments, microbiological analyses of S. aureus 171
counts were conducted immediately after processing (day 0), adhering to the 172
guidelines outlined by the American Public Health Association [13]. Additionally, 173
a positive control group, consisting of an inoculated and untreated sample, was 174
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included to facilitate comparisons of log reductions. For the enumeration process, 175
three cream portions, each weighing 10 g, were homogenized and subsequently 176
serially diluted in 90 mL of 0.1% peptone water (Merck, Darmstadt, Germany) 177
utilizing a stomacher (Stomacher 80, Seward, London, UK). These dilutions were 178
then spread-plated onto Baird-Parker agar and incubated at a controlled temper- 179
ature of 36 + 1 °C for 48 h. Finally, to ensure precise quantification, electronic 180
counting was carried out using a Flash & Go electronic counter (IUL Instruments, 181

Barcelona, Spain). The resulting data were expressed as log CFU/mL for compre- 182
hensive reporting. 183
2.4. Statistical Analysis 184

All analyses were conducted in analytical and experimental triplicate. The 185
results were presented as the mean + standard deviation (SD). This was carried 186
out using a one-way analysis of variance (ANOVA) with subsequent Tukey post 187
hoc testing, performed at a significance level of 0.05. This statistical evaluation 188
was accomplished using XLSTAT version 2022.1 (Addinsoft, Paris, France). Fur- 189
thermore, the graphic was plotted using GraphPad Prism version 8.0.0 (GraphPad 190
Software, San Diego, CA, USA). 191

3. Results and Discussion 192

The survival levels of MRSA in milk cream are exhibited in Figure 1. The ini- 193
tial analysis revealed that MRSA counts in the treated samples presented areduc- 194
tion of up to 3.41-fold following pasteurization (4.82 log CFU/mL reduction) and 195
3.25-fold after thermosonication (4.72 log CFU/mL reduction), in comparison with 196
the untreated group (IUNT). These findings emphasize the significant impact of 197
both pasteurization and thermosonication in reducing MRSA levels, thereby en- 198
hancing the safety and quality of the cream. In addition, the treatments subjected 199
to thermosonication, denoted as US1 to US6, exhibited no significant differences 200
(p > 0.05) when compared with the inoculated treatments subjected to conven- 201
tional pasteurization (IP-72 and IP-65) or the thermosonicated treatments them- 202
selves. This intriguing observation indicates that thermosonication showcases po- 203
tential antimicrobial effectiveness on par with conventional pasteurization meth- 204
ods for reducing MRSA levels. Importantly, it achieves this comparable efficacy 205
with significantly reduced processing time during cream treatment, leading to 206
improved productivity and resource utilization. 207
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Figure 1. Survival concentrations (log CFU/mL; means + standard deviation) of S. aureus after the 209
application of pasteurization and thermosonication treatments. Different lowercase superscripts in- 210
dicate significant differences regarding treatments (p <0.05). IUNT, inoculated and untreated; NIP- 211
72, not inoculated and rapid pasteurization; NIP-65, not inoculated and slow pasteurization; IP-72, 212
inoculated and rapid pasteurization; IP-65, inoculated and slow pasteurization; USI, inoculated, 213
rapid pasteurization, and 3 s sonication; US2, inoculated, rapid pasteurization, and 5 s sonication; 214
US3, inoculated, rapid pasteurization, and 10 s sonication; US4, inoculated, slow pasteurization, and 215
5 min sonication; US5, inoculated, slow pasteurization, and 10 min sonication; US6, inoculated, slow 216
pasteurization, and 25 min sonication. 217

Further, it is essential to highlight that all treatments subjected to either pas- 218
teurization or thermosonication displayed significant differences (p < 0.05) when 219
compared with the inoculated and untreated control group (IUNT), underscoring 220
the efficacy of both technological approaches. Thus, the absence of significant dif- 221
ferences among these treatments suggests their equal viability as options for en- 222
hancing product safety. Furthermore, the clear disparity between these treat- 223
ments and the untreated control underscores the pivotal role of these processing 224
methods in mitigating bacterial contamination in dairy products, especially when 225
dealing with antibiotic-resistant strains like MRSA. In the dairy industry, the bat- 226
tle against MRSA emerges as a significant concern, and our research demonstrates 227
that both pasteurization and thermosonication yield statistically substantial re- 228
ductions in MRSA counts in milk cream. The deliberate creation of acoustic cavi- 229
tation, facilitated by the application of low-amplitude frequencies, has emerged 230
as a pivotal mechanism for cell destruction [9]. This controlled process results in 231
the formation of microbubbles, whose subsequent collapse generates substantial 232
rates of micro-shearing within the cream. It is worth noting that variables such as 233
the frequency, intensity, and duration of ultrasound exposure have surfaced as 234
critical determinants influencing the observed effects on reducing microbial load 235
in milk [14]. 236

Prior investigations have explored the inactivation of S. aureus strainsin dairy =~ 237
products, shedding light on the pursuit of enhanced food safety. Notably, Lietal. 238
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[11] reported the effects of different hurdle techniques (single ultrasound for 5 239
min, single heat at 63 °C for 5 min, 5 min ultrasound followed by 5 min heat, 5 240
min heat followed by 5 min ultrasound, and simultaneous ultrasound and heat 241
for 5 min) at 20 kHz frequency and with a total input power of 600 W, focused on 242
S. aureus inactivation in milk. Comparing the diverse treatment techniques to the = 243
untreated control, the authors reported up to 1.24-fold cell inactivation when sim- 244
ultaneous ultrasound and heat were applied. This finding not only emphasizes 245

the synergistic potential of thermosonication but also paves the way for the pre- 246
sent study, which builds upon this foundation to achieve even higher levels of 247
inactivation. 248

Moreover, additional investigations have illuminated the substantial poten- 249
tial of these techniques in combating a diverse array of harmful microorganisms, 250
offering a valuable complement to traditional technological methodologies [4]. 251
For instance, Bernardo et al. [15] reported an optimized thermosonication process 252
lasting 1-20 min at temperatures between 62 and 74 °C. This approach resulted in 253
a remarkable reduction of 6.6 log CFU/mL of Shiga toxin-producing Escherichia 254
coli in goat milk. In a separate study, Machado et al. [16] noted a reduction of less 255
than 1 log CFU/mL of heat-resistant E. coli isolated from milk. These findings not 256
only underscore the significance and consistency of the techniques employed 257
herein for mitigating microbiological risks in milk cream but also provide further 258
affirmation of ultrasound’s efficacy as a valuable tool in combatting staphylococci 259
within the realm of dairy products. The cumulative knowledge derived from 260

these studies reinforces the versatility and potential of these innovative ap- 261
proaches, offering compelling opportunities for enhancing food safety in the dairy 262
industry and beyond. The tailored optimization of factors such as time and tem- 263
perature showcases the adaptability and nuanced nature of these techniques, en- 264
couraging further exploration and refinement for real-world application. 265

Additionally, it is important to highlight that our analysis did not reveal any 266
statistically significant differences (p > 0.05) among the MRSA counts in the inoc- 267
ulated cream subjected to rapid pasteurization (IP-72) and the non-inoculated 268
cream samples that underwent either rapid (NIP-72) or slow (NIP-65) pasteuriza- 269
tion, as depicted in Figure 1. This finding is particularly intriguing, as both NIP- 270
72 and NIP-65 demonstrated a notable absence of MRSA growth. Finally, the re- 271
sults conclusively indicate that the synergy of these two technologies significantly 272
reduces the pasteurization time of milk cream by 15 min, all the while maintaining 273
the process’s efficiency. Further research and exploration of these methods 274
throughout the storage of cream may provide valuable insights into food safety 275
and quality control. 276

4. Conclusions 277

This study highlights the significant impact of ultrasound and heat treatment, 278
emphasizing its viability as a complementary technology to conventional pasteur- 279
ization. Thermosonication effectively reduced MRSA strains by up to 4.72 log 280
CFU/mL in milk cream, while pasteurization reduced cell counts by 4.82 log 281
CFU/mL. This finding is noteworthy as it demonstrates bacterial inactivation sim- 282
ilar to conventional treatment, resulting in a significant reduction in processing 283
time for slow pasteurization —a highly advantageous consideration for the indus- 284
try. Therefore, thermosonication can be deemed a promising approach for appli- 285
cation in cream matrices. This work paves the way for continued exploration and 286
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refinement of these methods, ultimately benefiting both consumers and the food 287
industry by delivering safer and more resilient products. In this context, further 288
research is needed to optimize conditions and assess the impact on the physico- 289
chemical composition and stability. 290

Author Contributions: Conceptualization, ].C.N.N. and M.P.d.C.; methodology, ] CN.N., 291
MJ.GS., K.GA, J.CGd.A, ].Gd.S, BN.P., and M.P.d.C,; formal analysis, ].C.N.N., 292
M.J.GS.,, K.GA, and J.C.G.d.A,; investigation, ].C.N.N., M.J].GS.,, KG.A,, ].C.G.d.A, 293
J.G.d.S., BN.P., and M.P.d.C; resources, M.P.d.C.; data curation, J.C.N.N. and M.P.d.C,; 294
writing —original draft preparation, ].C.N.N. and M.P.d.C.; writing—review and editing = 295
J.C.N.N,, MJ.GS., K.GA, J].CGd.A, IL.dSR, ]J.G.d.S., B.N.P., and M.P.d.C.; visualiza- 296
tion, J.C.N.N., B.N.P.,, and M.P.d.C,; supervision, J.G.d.S., B.N.P., and M.P.d.C.; project 297
administration, J].G.d.S., B.N.P., and M.P.d.C.; funding acquisition, M.P.d.C. All authors 298
have read and agreed to the published version of the manuscript. 299

Funding: This research was funded by Conselho Nacional de Desenvolvimento Cientifico 300
e Tecnolégico (CNPq) Brazil—grant numbers [402430/2018-2], [405728/2018-2], 301

[313119/2020-1], and [303074/2021-3]. 302
Institutional Review Board Statement: 303
Informed Consent Statement: 304

Data Availability Statement: The datasets generated for this study are available on re- 305
quest to the corresponding author. 306

Acknowledgments: The authors are thankful for the financial support provided by Con- 307

selho Nacional de Desenvolvimento Cientifico e Tecnolégico (CNPq) and Fundacao Co- 308

ordenacao de Aperfeicoamento de Pessoal de Nivel Superior (CAPES). 309

Conflicts of Interest: The authors declare no conflict of interest. 310

References 311
1.  Najmitdinova, G.K. Dairy Processing Technology. Eur. ]. Emerg. Technol. Discov. 2023, 1, 17-23. 312
2. Brazil Regulamentos Técnicos de Identidade e Qualidade (RTIQ)-Leite e seus Derivados. Available online: 313
https://www.gov.br/agricultura/pt-br/assuntos/suasa/regulamentos-tecnicos-de-identidade-e-qualidade-de- 314
produtos-de-origem-animal-1/rtig-leite-e-seus-derivados (accessed on 8 February 2023). 315

3. Silva, A.T.F,; daSilva, ].G.; Aragao, B.B.; Peixoto, R.M.; Mota, R.A. Occurrence of (3-Lactam-Resistant Staphylococcus 316
Aureus in Milk from Primiparous Dairy Cows in the Northeastern Region of Brazil. Trop. Anim. Health Prod. 2020, 317
52, 2303-2307. https://doi.org/10.1007/s11250-020-02259-w. 318
4.  Carrillo-Lopez, L.M.; Garcia-Galicia, L. A.; Tirado-Gallegos, ].M.; Sanchez-Vega, R.; Huerta-Jimenez, M.; Ashokku- 319
mar, M.; Alarcon-Rojo, A.D. Recent Advances in the Application of Ultrasound in Dairy Products: Effect on Func- 320
tional, Physical, Chemical, Microbiological and Sensory Properties. Ultrason. Sonochem. 2021, 73, 105467. 321

https://doi.org/10.1016/j.ultsonch.2021.105467. 322
5. Quintieri, L.; Fanelli, F.; Caputo, L. Antibiotic Resistant Pseudomonas Spp. Spoilers in Fresh Dairy Products: An 323
Underestimated Risk and the Control Strategies. Foods 2019, 8, 372. https://doi.org/10.3390/foods8090372. 324

6. Castro, V.S,; Fang, Y.; Yang, X.; Stanford, K. Association of Resistance to Quaternary Ammonium Compounds and 325
Organic Acids with Genetic Markers and Their Relationship to Escherichia Coli Serogroup. Food Microbiol. 2023, 326
113, 104267. https://doi.org/10.1016/j.fm.2023.104267. 327
7. Delgado, K.; Vieira, C.; Dammak, L; Frasao, B.; Brigida, A.; Costa, M.; Conte-Junior, C. Different Ultrasound Expo- 328
sure Times Influence the Physicochemical and Microbial Quality Properties in Probiotic Goat Milk Yogurt. Mole- 329
cules 2020, 25, 4638. https://doi.org/10.3390/molecules25204638. 330
8.  Monteiro, SSH.M.C;; Silva, E.K.; Guimaraes, ].T.; Freitas, M.Q.; Meireles, M.A.A.; Cruz, A.G. High-Intensity Ultra- 331
sound Energy Density: How Different Modes of Application Influence the Quality Parameters of a Dairy Beverage. 332
Ultrason. Sonochemistry 2020, 63, 104928. https://doi.org/10.1016/j.ultsonch.2019.104928. 333



Appl. Sci. 2023, 13, x FOR PEER REVIEW 61

10.

11.

12.

13.

14.

15.

16.

Alves De Aguiar Bernardo, Y.; Kaic Alves Do Rosario, D.; Adam Conte-Junior, C. Ultrasound on Milk Decontami-
nation: Potential and Limitations Against Foodborne Pathogens and Spoilage Bacteria. Food Rev. Int. 2023, 39, 320-
333. https://doi.org/10.1080/87559129.2021.1906696.

Yang, S.; Piao, Y,; Li, X;; Mu, D.; Ji, S.; Wu, R.;; Wu, J. A New Decontamination Method for Bacillus Subtilisin Pas-
teurized Milk: Thermosonication Treatment. Food Res. Int. 2023, 163, 112291. https://doi.org/10.1016/j.food-
res.2022.112291.

Li, J.; Wang, J.; Zhao, X,; Wang, W.; Liu, D.; Chen, S.; Ye, X,; Ding, T. Inactivation of Staphylococcus Aureus and
Escherichia Coli in Milk by Different Processing Sequences of Ultrasound and Heat. ]. Food Saf. 2019, 39, e12614.
https://doi.org/10.1111/jfs.12614.

Silva, ].G.; Camargo, A.C.; de Melo, R.P.B.; Aragao, B.B.; Oliveira, ].M.B. de; Sena, M.]. de; Nero, L.A.; Mota, R.A.
mecA Positive Staphylococcus Spp. in Bovine Mastitis, Milkers, Milking Environment, and the Circulation of Differ-
ent MRSA Clones at Dairy Cows Farms in the Northeast Region of Brazil. Cienc. Rural 2021, 52, €20210008.
https://doi.org/10.1590/0103-8478cr20210008.

APHA. Compendium of Methods for the Microbiological Examination of Foods; American Public Health Association:
Washington, DC, USA, 2015; ISBN 978-0-87553-022-2.

Abrahamsen, R.K,; Narvhus, J.A. Can Ultrasound Treatment Replace Conventional High Temperature Short Time
Pasteurization of Milk? A Critical Review. Int. Dairy ]. 2022, 131, 105375. https://doi.org/10.1016/j.id-
airyj.2022.105375.

Bernardo, Y.A.A.; do Rosario, D.K.A.; Mutz, Y.S.; Castro, V.S.; Conte-Junior, C.A. Optimizing Escherichia Coli
O157:H7 Inactivation in Goat's Milk by Thermosonication. ]. Food Process Eng. 2023, 46, el14188.
https://doi.org/10.1111/jfpe.14188.

Machado, M.A.M.; Castro, V.S.; Monteiro, M.L.G.; Bernardo, Y.A. de A.; Figueiredo, E.E. de S.; Conte-Junior, C.A.
Effect of UVC-LED and Ultrasound Alone and Combined on Heat-Resistant Escherichia Coli Isolated from Pas-
teurised Milk. Int. |. Dairy Technol. 2023, 76, 74-80. https://doi.org/10.1111/1471-0307.12925.

Disclaimer/Publisher’'s Note: The statements, opinions and data contained in all publications are solely those of the
individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim re-
sponsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to
in the content.

334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357

358
359
360
361



5.2

62

Manuscrito: Comparative study of the use of conventional heat treatment and

thermosonication for the inactivation of pathogenic microorganisms in milk cream



o N o O B

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

63

Comparative study of the use of conventional heat treatment and
thermosonication for the inactivation of pathogenic microorganisms in

milk cream

Periddico a ser submetido (12 submissdo):  Ultrasonics - ISSN 0041-624X
Maior percentil (Scopus):  87%

Periddico a ser submetido (22 submiss&o):

Maior percentil (Scopus):

Abstract

The present study evaluates the effectiveness of conventional pasteurization compared to
thermosonication to the reduction of pathogenic microorganisms, such as Methicillin-
Resistant Staphylococcus aureus (MRSA) and other microorganisms in milk cream. We
evalueted the immediate microbial inactivation and the stability of this inactivation over
a 30-day of refrigeration period. This study compared traditional pasteurization processes
—rapid (72°C for 15 seconds) and slow (65°C for 40 minutes) —with various
thermosonication protocols.  These protocols involved a combination of rapid
pasteurization followed by sonication for durations of 3, 5, and 10 seconds, and slow
pasteurization followed by sonication for 5, 10, and 15 minutes, varying ultrasound
intensities, duration and temperature. We quantified the populations of MRSA, aerobic
mesophilic bacteria, Enterobacteriaceae, molds and yeasts immediately post-treatment
during throughout the storage time (0, 15 and 30 days). The results demonstrated that
both traditional pasteurization and thermosonication effectively reduced MRSA
concentrations. Regarding indicator microorganisms, there was variability in the
effectiveness of the different treatments applied. However, the combined approach of
pasteurization and sonication demonstrated particularly promising results. The
synergistic treatment appears to enhance the overall microbial reduction, likely due to the
dual action of heat and ultrasonic waves. This integrated technique could potentially offer
a more comprehensive and robust solution for controlling microbial populations in dairy
products, emphasizing its potential as an advanced strategy in food safety management.
Notably, thermosonication showed superior efficacy, particularly in maintaining reduced
microbial levels over an extended period, highlighting its potential advantages in

enhancing food safety protocols.
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1. Introduction

Milk cream, valued for its rich texture and nutritional benefits, is a versatile
ingredient in global cuisine. However, its nutrient-dense composition also makes it
susceptible to the growth of pathogenic microorganisms if not properly handled or
processed. Ensuring proper storage and processing is essential to maintaining both the
safety and quality of milk cream, allowing it to remain a safe and enjoyable component
of various dishes worldwide [1]. The presence of Staphylococcus aureus, particularly its
methicillin-resistant form (MRSA), in dairy products represents a significant food safety
risk. MRSA is concerning not only for its antibiotic resistance but also for its potential to
carry enterotoxin-coding genes, as observed in mecC-mediated strains from dairy cattle
[2]. These enterotoxins are heat-stable, surviving typical cooking processes, which makes
controlling MRSA in dairy products crucial. Rigorous hygiene and effective
pasteurization are essential to mitigate this risk [3], [4], [5], [6].

Traditionally, pasteurization has served as a critical control measure in the dairy
industry to reduce the microbiological load in dairy products. Its thermal processing
technique effectively inactivates pathogenic microorganisms and substantially decreases
the levels of spoilage bacteria, thereby enhancing the safety and extending the shelf life
of dairy products [7]. Pasteurization is effective at reducing microbial load in dairy
products, including Staphylococcus aureus and its forms MRSA. However, as shown by
Aljahani et al. [8], some MRSA strains can survive temperatures up to 90°C for 60 to 90
seconds, with 10% of pasteurized camel milk samples containing heat-resistant MRSA.
This indicates that traditional pasteurization may not fully eliminate MRSA in all cases.
To address this, new processing technologies are being developed to enhance microbial
control while maintaining product quality [8], [9]. One promising approach is
thermosonication, which combines heat and ultrasound to improve pasteurization
effectiveness by inducing additional cellular destabilization [7].

Thermosonication effectively targets and inactivates heat-resistant bacterial
strains like MRSA while improving process efficiency. This method can reduce energy
consumption and processing time while preserving the quality attributes of dairy products
[7]. Ultrasound, which involves high-frequency sound waves above 20 kHz, plays a
crucial role in thermosonication. These sound waves create rapid pressure changes in the
liquid, resulting in mechanical stresses that can disrupt microbial cell structures. When
combined with heat, ultrasound enhances microbial inactivation, making it a key

component of advanced food processing technologies [10], [11]. Thermosonication not
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only effectively reduces or eliminates microorganisms such as bacteria, yeasts and fungi,
but also helps maintain the organoleptic and nutritional characteristics of food. By
minimizing thermal exposure, it preserves natural flavors, textures, and nutritional
content, making it an efficient and beneficial method in modern food processing efficient
and beneficial method in modern food processing [12]. In addition, ultrasound represents
an emerging environmentally friendly technology with wide applications in dairy
products [6], [13].

The primary mechanisms driving sonication are acoustic cavitation and acoustic
streaming, both of which are mechanical phenomena. Acoustic cavitation involves the
formation and subsequent implosion of microscopic bubbles within a liquid. This
implosion generates localized increase in temperature and pressure within the implosion
zone. Additionally, acoustic streaming, which is the steady flow of the fluid induced by
the ultrasound waves, contributes to the process. Together, these phenomena produce
significant shear forces capable of disrupting microbial cell walls and membranes,
thereby enhancing the microbial inactivation process in foods treated by thermosonication
[6], [10], [14], [15], [16], [17]. The effectiveness of ultrasound is influenced by several
factors, including frequency, ultrasonic power, sample temperature and processing time.
Thus, the higher these settings, the more intense the treatment will be [10], [16].

In light of the growing concerns about food safety, this study aims to evaluate the
efficacy of combining traditional pasteurization—both rapid and slow—with
thermosonication in reducing MRSA counts in milk cream samples. We seek to determine
whether the combined approach of thermosonication and pasteurization offers a more
effective and lasting reduction of pathogens compared to conventional pasteurization
alone. Our goal is to enhance MRSA inactivation in dairy cream through this integrated
method, providing a more robust solution for ensuring the quality and safety of dairy
products. By investigating this combination of techniques, we hope to contribute to safer
dairy practices and offer greater assurance to consumers regarding the integrity of their

food products.

2. Materials and Methods
2.1 Milk cream samples and bacterial strains

Samples of raw milk cream (35% fat) were obtained from a dairy factory located
in Sdo Sebastido do Passé, Bahia, Brazil (12°30'45.5" S, 38°29'27.2" W). The samples

were transported under controlled refrigeration (4 £ 2 °C) in isothermal boxes and stored
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at 5 + 2 °C until processing. This study used five strains of B-lactam-resistant
Staphylococcus aureus (MRSA), all of which are associated with livestock farming in
Brazil, as reported by Silva et al. [2]. Notable among the strains were 30PD.1 and 32AD.1,
isolated from cow's milk; 3N, from the nasal cavity of a milker; and 1T.1 and SFT.1, from

the mammary glands of cows.

2.2 Preparation of MRSA inoculum and artificial contamination of milk cream samples

MRSA cultures were preserved in soy triptych (TSB; HiMedia, Mumbai, India)
enriched with 20% glycerol at - 80 °C. For the experiment, the cultures were revitalized
in Brain Heart Infusion (BHI; Difco, Detroit, USA) broth at 36°C for 24 hours and
purified on Baird-Parker agar at 36 ‘C for 48 hours. After cultivation, the bacteria were
centrifuged (3500 rpm, 10 min, 4 C), washed with PBS phosphate-buffered saline (pH
7.2), and resuspended in PBS to form a mixed suspension of all the strains. The optical
density was adjusted to 0.5 (OD600), equivalent to 108 CFU/mL, and validated by
counting on Baird-Parker agar and spectrophotometry (Specord 200plus, Analytik Jena,
Germany).

For artificial contamination of the samples, 2 mL of inoculum (108 CFU/mL) was
added to 200 mL of milk cream. After inoculation, the resulting concentration in the
cream was 10° CFU/mL. The cream was left to rest for 5 minutes before being subjected
to thermal treatments. The treatments consisted of pasteurization and thermosonication,
as detailed in Fig.1.
2.3Heat and thermosonic treatments of milk cream samples

For our experiment, we analyzed the effect of pasteurization alone and in
combination with thermosonication on milk cream (200 mL) was analyzed. The methods
included rapid pasteurization (72°C for 15 seconds) and slow pasteurization (65°C for 40
minutes) using a temperature-controlled water bath with continuous stirring. Additionally,
thermosonication was applied after each pasteurization process to evaluate its combined
effect. The treatments consisted of pasteurization and thermosonication, as detailed in
Table 1.

We utilized a VC 505 ultrasonic processor (Vibra-Cell, Sonics & Materials,
Connecticut, USA) that boasts a maximum input power of 500 W and operates at a
voltage of 220 V. This processor is equipped with a 13 mm diameter probe and operates

at a frequency of 20 kHz. We applied powers of 31W and 35W, with exposure times as
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outlined in Fig.1. Thermosonication was performed in a 600 mL jacketed beaker designed
to maintain a constant temperature, which was continuously monitored using an IR
thermometer (Raytek - MiniTemp FS, Raytek, Melrose, USA). To ensure thermal
stability throughout the process, we used a continuous water circulation system within
the beaker, linked to a thermostatic water bath (Tecnal, Model: TE2000). This setup
allowed for precise temperature control, essential for the effectiveness of the
thermosonication process.

Following treatment, the samples were promptly cooled in an ice water bath to
halt any further microbial activity and were then stored at a controlled temperature of 4.0
+ 0.5 °C. This meticulous attention to temperature control and sample handling was
critical to maintaining the integrity of our results and ensuring the reliability of our study

on the inactivation of MRSA in dairy cream.

2.4 Determining energy density and temperature variation over time

The energy density was calculated using Eq. 1, based on the power and volume of
the sample. The temperature variation (AT) was recorded before and after sonication (Eq.
2).

Equation (1)

Energy density [ J | = Rated power (W)* processing time
mL Sample volume (mL)

Equation (2)

AT =T final = T initial

where:

T finar 1S the temperature at the end of the period considered

T initial IS the temperature at the beginning of the period considered

2.5 Microbiological analysis and microbial inactivation efficiency

The effectiveness of the treatments was assessed by S. aureus counts immediately
after processing (day 0) on days 15 and 30 of storage, following the guidelines established
by the American Public Health Association (APHA) [18]. Positive controls (IP-72 and
IP-65) were included to compare logarithmic reductions. Counting was carried out using
three 10 mL portions of each sample, which were homogenized and subsequently serially

diluted in 90 ml of 0.1% peptone water (Merck, Darmstadt, Germany) using a Stomacher
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(Stomacher 80, Seward, London, UK) and spread on Baird-Parker agar. The plates were
incubated at 36 + 1 °C for 48 hours, and the colonies counted using a Flash & Go
electronic counter (IUL Instruments, Barcelona, Spain). The results were expressed in log
CFU/mL.

Analyses of indicator microorganisms were also conducted after processing (day
0) and after 30 days of storage. The presence of mesophilic aerobic bacteria and
enterobacteria was determined using pour plate techniques with Plate Count Agar and
Violet Red Bile Glucose Agar (VRBGA) media (Kasvi®, SP, Brazil), respectively, with
incubation at 35 °C for 48 hours and 24 hours. Analysis of molds and yeasts was carried
out using Dichloran Rose Bengal Chloramphenicol Agar (DRBC, Difco, Detroit, USA)
by the spread plate technique, incubated at 25 °C for 5 days in a BOD incubator [18].

To determine the microbial inactivation efficiency, the number of logarithmic

reductions (y) was calculated according to the equation proposed by Pflug [19]:

Equation (3)
Y = log1o(No) — log1o(Ny)
where:

No represents the number of viable microorganisms in the unprocessed product

Nt is the number of viable microorganisms after treatment.

2.6 Statistical analysis

The data was analyzed in triplicate, both analytically and experimentally, and
expressed as mean = standard deviation. The normality of the data was checked using the
Shapiro-Wilk test. Comparisons between treatments were made using Analysis of
Variance for repeated measures (One-Way ANOVA), followed by Tukey's test for
multiple comparisons. Differences between different storage days were analyzed using
ANOVA followed by Tukey's test or unpaired t-test with Welch's correction, when
appropriate. GraphPad Prism software (GraphPad Software, San Diego, USA) version

10.2.2 was used to perform statistical analysis and to visualize the data graphically.

3. Results and discussion

3.1. Evaluation of the effectiveness of treatments in reducing MRSA over time



205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238

70

The effectiveness of conventional pasteurization treatments (both rapid and slow)
and thermosonication in reducing MRSA counts in cream over 30 days of storage is
illustrated in Fig. 2. Initially, the cream samples were inoculated with MRSA and
subjected to different treatments, with subsequent evaluations on days 0, 15 and 30 to
determine the pathogen's persistence against the treatment methods. The results of day 0

were previously published as a short communication [20].

Fig. 2

According Nascimento et al. [20] a microbiological assessment of raw cream prior
to treatment confirmed the absence of Staphylococcus aureus, ensuring that any
subsequent growth was attributable solely to the strains deliberately inoculated for the
study. This initial screening was crucial for establishing a controlled baseline, allowing
for precise measurement of the treatment effects on the inoculated MRSA without
interference from naturally occurring bacteria. This methodological rigor enhances the
validity of our findings, clearly demonstrating the specific impact of the treatments on the
introduced pathogenic strains.

As expected, the samples that were not inoculated and subjected to rapid
pasteurization (72°C for 15 seconds; NIP-72) and slow pasteurization (65°C for 40
minutes; NIP-65) remained free of viable S. aureus cells throughout the study, showing
no statistically significant differences (P > 0.05). Its confirms the baseline efficacy of
these pasteurization methods in maintaining sterility in non-inoculated cream samples.

Conversely, the inoculated samples subjected to rapid pasteurization (IP-72) and
slow pasteurization (IP-65) exhibited statistically significant differences (P < 0.05) in
MRSA counts during the storage period (days 0, 15, and 30). The rapid pasteurization
(IP-72) effectively reduced MRSA counts immediately after treatment. However,
significant increases in bacterial counts (P<0.05) were observed primarily between days
0 and 15 and from days 0 to 30, suggesting a substantial rebound in MRSA levels over
time. In contrast, the IP-65 treatment also demonstrated a significant increase in bacterial
counts over the storage period (P < 0.05), yet the significant growth in MRSA counts
primarily occurred after day 15, with no significant differences observed between day 0O
and day 15 or between day 15 and day 30.This pattern of recovery in MRSA counts during
the storage period suggests that rapid pasteurization, while initially effective, may not

provide a long-lasting inhibitory effect on the growth of cells that survive the initial
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treatment. This could be due to the relatively brief exposure to heat, which might not
sufficiently inactivate all bacterial cells or ensure complete elimination of the
microorganisms. These findings highlight the need for further refinement of
pasteurization protocols or the integration of additional treatments like thermosonication
to achieve more durable microbial control in dairy products. In the groups treated with
thermosonication (US1 to US6), all treatments showed significant reduction in the
microbial load compared to the untreated control group (IUNT), with statistically
significant values (P < 0.05) observed throughout the storage period. However, no
significant statistical differences were found among the treated groups (P > 0.05),
suggesting that variations in the duration or the combination of rapid or slow
pasteurization with ultrasound did not have immediately distinguishable effects on
microbial load reduction. Within the same treatment group, statistically significant
differences were observed across the days of treatment (P < 0.05), except in the US6
treatment group (P > 0.05). This indicates that, while both pasteurization and
thermosonication effectively initially reduced bacterial counts to below 3 logs —a safety
threshold stipulated by European Union [21] and Brazilian legislation[22]— their
effectiveness waned over time. This decrease in effectiveness is evident from the
microbial analysis conducted during the refrigerated storage period, as depicted in Fig. 2.
These findings underscore the initial efficacy of thermosonication in significantly
lowering microbial levels in dairy products. However, the lack of significant differences
between the various thermosonication protocols suggests that optimizing the specific
parameters of ultrasound application might not be as critical as simply employing the
technology in conjunction with pasteurization. The persistence of microorganisms over
time, however, points to the need for ongoing assessment of these treatments to ensure
long-term food safety and compliance with health standards [23].

The impact of the treatment methods was most pronounced immediately following
inoculation, as detailed in our previous study [20]. On day 0, immediately after treatment,
all intervention techniques, including slow pasteurization (IP-65), rapid pasteurization
(IP-72), and various intensities of thermosonication (US1 to US6), achieved a significant
reduction in bacterial counts compared to the untreated control (UNT). From an initial
average count of 6.82 log CFU/mL of MRSA, samples subjected to rapid pasteurization
(IP-72) exhibited reductions in MRSA counts of 4.82 log CFU/mL, while slow
pasteurization (IP-65) showed a reduction of 4.43 log CFU/mL. The thermosonication

treatments (US1 to US6) demonstrated a comparable effectiveness to conventional
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pasteurization, with an average reduction of 4.72 log CFU/mL in MRSA counts.
Although the efficacy of thermosonication aligns closely with that of traditional
pasteurization methods, it offers additional advantages, such as reduced processing time
and increased energy efficiency. These benefits, documented in the results of our study
[20], suggest that thermosonication not only meets the microbial safety standards
provided by conventional pasteurization but also enhances operational efficiencies,
making it a potentially more sustainable and cost-effective option in dairy processing.
Various studies have demonstrated the efficacy of sonication in microbial reduction. For
example, Jalilzadeh et al. [24] observed a significant reduction in the S. aureus count in
feta cheese with the isolated application of sonication (60 kHz, 42 W, 20% intensity, for
20 minutes at 20°C), achieving a reduction of 1.95 log CFU/g after pasteurization of the
retentate (78°C, for 1 minute). In addition, the inactivation rates of S. aureus at 20 and 40
kHz were 1.10 and 1.03 log UFC/g, respectively. However, Marchesini et al. [25] reported
a remarkable resistance of S. aureus in raw milk to ultrasound treatments at 24 kHz and
temperatures ranging from 15-46 °C for 300 seconds, with log reductions of 0.55 log,
which can be attributed to a low-power application and short duration of sonication,
which although capable of breaking up or dispersing bacterial clusters, do not have
sufficient intensity to cause effective damage to bacterial cells [15].

Similarly, Li et al. [26] found that sonication for 15 minutes resulted in a relatively
minor reduction in the S. aureus population of only 0.31 + 0.02 log CFU/mL, suggesting
low sublethal cell formation. In contrast, they also reported that the combination of
ultrasound and moderate heat (20 kHz, 950 W, 63% input power, for 20 minutes at 55°C)
resulted in a significant reduction in the viability of S. aureus cells by more than 6 log
CFU/mL in 15 minutes, from an initial bacterial population of approximately 8.32 + 0.08
log CFU/mL, exceeding the results of our most recent study [20]. This highlights the
synergistic effectiveness of ultrasound and heat, where immediate mechanical damage
combined with progressive heat-induced damage can result in more pronounced lethal
effects.

The studies by Herceg et al. [27] and Balthazar et al. [28] corroborate the
feasibility of this synergistic approach in dairy products. Herceg et al. [27] demonstrated
the effectiveness of combining 20 kHz ultrasound at a temperature of 60°C for 12 minutes
on raw milk, with a logarithmic reduction of 1.37 log CFU/mL in the S. aures population.
Balthazar et al. [28] confirmed the significant inactivation of S. aureus (1.6 log CFU/mL

after 6 minutes in pulsed mode, reaching temperatures between 59°C and 69°C) in semi-
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skimmed sheep's milk. These results reinforce the idea that combined treatments can be
especially effective, not only for significant initial inactivation but also for potentially
prolonging microbiological safety during storage [29], [30], [31].

In the thermosonication treatments, both rapid (US1 to US3) and slow (US4 to
USG6), greater variability in bacterial counts was observed. The rapid treatments showed
a higher likelihood of significant increases in counts over time, failing to maintain
acceptable levels of S. aureus below 3 logs [21], [22]. In the slow thermosonication group,
the US6 treatment was the only one that did not show significant changes in bacterial
counts over time (P > 0.05) and managed to maintain acceptable levels immediately after
treatment (day 0) and on days 15 and 30 of storage.

The results obtained with the thermosonication treatments (US-1 to US-6)
highlight the importance of the operating parameters [16], [29]. Power, energy density,
and exposure time were decisive for the long-term success of the treatments.
Thermosonication configurations, specifically US1 to US3, which operated at 72°C with
exposure times of 3 to 10 seconds and no pulse (total processing time of 6 and 10 seconds,
respectively), managed to keep MRSA counts low right after processing (day 0),
suggesting that even minimal variations in energy density (0.39 J/cms3, 0.72 J/cm3 and
1.47 J/lcm3) have a significant impact on reducing and maintaining bacterial counts. On
the other hand, treatments US5 and US6, which applied substantially higher energy
densities (48.30 J/cm?3 and 119.06 J/cm?, respectively) and for more extended periods (10
and 15 minutes, total processing time of 20 and 30 minutes, respectively), achieved
stabilization or continuous reduction of MRSA counts, evidencing the effectiveness of a
synergistic approach between ultrasound and prolonged heat treatment in inactivating
bacteria.

Notably, the US4 treatment, applying a power of 35 W and a 30-second pulse to
reach an energy density of 24.44 J/cm? for 5 minutes at 65°C (total processing time of 10
minutes), resulted in an immediate and significant reduction in MRSA counts. However,
despite the high energy density employed, a notable increase in these counts was observed
over the storage period. This phenomenon indicates that the effectiveness of
thermosonication can be strongly influenced by the specific configuration of the
application parameters, such as time, energy density, and process temperature [29]. This
suggests the existence of an optimal configuration of these parameters, which could
maximize bacterial inactivation while minimizing the possibility of bacterial adaptation

and survival. Determining the optimal model between sonication frequency and bacterial
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inactivation rate requires consideration of critical factors such as the power of the
ultrasound, the initial microbial load, and the shear strength of the microbial cells [16],
[29], [30].

The study by Gao et al. [15] reinforces this perspective, demonstrating that the
effectiveness of sonication depends crucially on the balance between the application time
and the power employed. Increasing the power of the ultrasound can accelerate the rate
of bacterial inactivation, but fine-tuning such parameters is essential to avoid adaptation
or resistance of the bacterial cells. Furthermore, the structural and functional differences
between Gram-positive and Gram-negative bacteria play a crucial role in the development
of effective microbial control strategies [15], [29], [32], [33], [34]. Both Gram-positive
and Gram-negative bacteria are affected by the cavitation and thermal effects induced by
ultrasound, with their cell wall structures influencing their response to treatment.
Therefore, optimizing ultrasound conditions for each bacterial group is crucial for
achieving effective microbial control [24].

Acoustic cavitation, which involves the formation, growth, and collapse of
microbubbles, can generate sufficient mechanical forces to damage the cellular structures
of bacteria [15], [29]. This mechanism was crucial for our study's initial inactivation of S.
aureus MRSA. However, the efficacy of ultrasonic treatment may vary among different
bacterial species, particularly between Gram-positive and Gram-negative bacteria. The
study by Shamila-Syuhada et al. [35] highlighted the variability in ultrasound resistance
among other species of Gram-positive bacteria, attributing this resistance to differences
in cell wall composition and structure. This variability is crucial, as Gram-positive
bacteria, like S. aureus, have thick, peptidoglycan-rich cell walls, making them more
resistant to ultrasound and similar treatments. Balthazar et al. [28] emphasize the need to
adjust specific ultrasound regimes to overcome natural bacterial defenses, underscoring
the importance of customization when applying such technologies.

The main mechanism of action of ultrasound in bacterial inactivation is structural
damage to the cell membranes and walls [29]. Additionally, Li, Ding et al. [31] found that
acoustic cavitation can weaken cell walls and increase membrane permeability,
facilitating the entry of antimicrobial agents like SAEW and resulting in internal damage.
Lentacker et al. [33] explain that sonoporation, characterized by the temporary formation
of pores in the cell membrane, can be a temporary that the growth of microorganisms
after treatments such as pasteurization and thermosonication. Moreover, the structure of

the bacterial capsule plays a crucial role in protecting bacteria against the shear forces
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generated by cavitation. The physical properties of the capsule, such as shape, size,
thickness, and rigidity, significantly influence the ability of the bacteria to withstand these
forces [15]. For instance, a thicker or more rigid capsule can increase the distance between
the cavitation and the plasma membrane, reducing the impact of shear stress. This can
make certain types of bacteria, such as Staphylococcus aureus, more resistant to
ultrasound treatments regardless of their Gram-positive status [34]. Therefore, the
complexity of the interactions between ultrasound parameters, bacterial characteristics,
and the application environment must be considered when designing microbial
inactivation protocols. Therefore, the complexity of the interactions between ultrasound
parameters, bacterial characteristics and the application environment must be considered
when designing microbial inactivation protocols.

After observing significant reductions in MRSA counts, provided by both
pasteurization and thermosonication, it becomes essential to expand our analysis to other
microorganisms that impact the safety and quality of milk cream in the dairy industry.
Typically, in the food industry, microbial contamination is generated not from a single
strain but involves multiple microorganisms. Additionally, bacteria are often gathered as
a biofilm on the surface of food [29]. MRSA is a critical indicator of health risks due to
its antibiotic resistance. However, other hygiene indicator microorganisms, such as
aerobic mesophilic bacteria, enterobacteria, molds and yeasts, also compromise the
quality and integrity of the final product and therefore require attention (Sert and Mercan,
2020).

3.2 Evaluation of the efficiency of treatments in reducing mesophilic aerobic bacteria
over time

The effectiveness of conventional pasteurization (rapid and slow) and
thermosonication treatments on mesophilic aerobic bacteria counts in cream samples was
investigated during a 30-day refrigerated storage period (Table 2). To assess the efficacy
of the applied treatments and the evolution of mesophilic aerobic bacteria counts over
time, the unpaired Welch's test was employed. This statistical analysis was conducted on
untreated raw material during the storage period. In the treatment inoculated with MRSA
and untreated (IUNT), before the application of treatments, there was a statistically
significant increase in the counts of mesophilic aerobic bacteria (P<0.05). Mesophiles
showed a variable response depending on the treatment type. Notably, the untreated and

inoculated control (IUNT) exhibited a significant increase in mesophilic populations over
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the 30-day period. Specifically, the average counts started at 10.40 log CFU/mL on day
0 and rose to 12.48 log CFU/mL on day 30. However, compared to the IUNT, all
implemented treatments demonstrated a significant reduction in the quantity of

mesophilic aerobic bacteria (P>0.05).

(Table 2).

The inoculated samples subjected to rapid pasteurization (72°C for 15 seconds;
IP-72) and slow pasteurization (65°C for 40 minutes; IP-65) showed no statistically
significant differences in mesophilic bacteria counts between day 0 and day 30 (P > 0.05).
For the non-inoculated samples subjected to slow pasteurization (NIP-65), there was also
no statistically significant increase in bacterial counts (p > 0.05). However, in the
uninoculated samples that underwent rapid pasteurization (NIP-72), there was a
significant increase (p < 0.05) in bacterial counts from 3.47 log CFU/mL to 4.57 log
CFU/mL (Table 2). This increase can be attributed to the recovery of microorganisms
sublethally affected by the treatments, which indicates that although refrigeration slows
down microbial growth, it does not entirely eliminate it [26], [37]. The resilience of
bacterial spores, particularly genera such as Bacillus and Paenibacillus, which are
notoriously resistant to extremes of temperature, acids, alkalinity and oxidizing agents,
suggests that incomplete initial inactivation may allow these dormant forms to recover,
thus compromising the shelf life of dairy products [26], [37].

In the thermosonication-treated groups (US-1 to US-3), which were subjected to
rapid pasteurization followed by sonication for 3, 5 and 10 seconds (total processing time
of 6, 10 and 20 seconds, respectively), respectively, there were variations in the counts of
mesophilic bacteria, between storage times (day 0 and day 30). However, these counts
remained within the limits set by regulatory standards [21], [22]. Specifically, the short
sonication treatments (3 and 5 seconds) for US1 and US2, which started with lower initial
counts of 3.15 and 3.30 log CFU/mL, respectively, showed statistically significant
increases (P < 0.05) in bacterial counts at the end of the treatment, reaching 4.14 and 4.24
log CFU/mL (Table 2). These results are consistent with those observed by Lim, Benner,
and Clark [37], who found that bacterial counts in milk increased after short periods of
sonication (20, 30, and 60 seconds) following pasteurization at 72.5°C. These counts
exceeded acceptable microbiological limits during refrigerated storage, highlighting the

need for careful evaluation. The increase in bacterial counts in US1 and US2 indicates
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that brief sonication periods may not sustain reductions in bacterial load, possibly due to
a rapid recovery of bacteria after the initial treatment. In addition, the high pasteurization
temperatures appear to be the predominant factor in the initial reduction in bacterial load
[7],[11]). Although pasteurization alone effectively reduces bacterial counts initially, the
subsequent rise in counts suggests a limitation in long-term bacterial control when
sonication is applied for very short periods [15], [37]. Group US3, with a 10-second
sonication, showed no statistically significant changes (p > 0.05) in the counts, suggesting
greater stability under this treatment regime.

In groups US4 to US6, which were subjected to slow pasteurization followed by
sonication for periods of 5, 10 and 15 minutes, respectively (total processing time of 10,
20, and 30 minutes, respectively), there were no statistically significant changes (p > 0.05)
in bacterial counts over time, indicating bacterial stability. This result suggests that the
combination of slow pasteurization and prolonged sonication can effectively keep
bacterial counts within stable limits, without promoting a significant reduction or increase
in the microbial load. This finding contrasts with the results of other studies investigating
the application of ultrasound and thermosonication to food products, which have shown
considerable diversity in their results. For example, Balthazar et al. [28] reported a
significant reduction in bacterial load in semi-skimmed sheep's milk using sonication at
20 kHz with powers of 78 W and 104 W. Initial bacterial counts were low, at 1.81 and
2.7 log CFU/mL, respectively, and remained stable at 1.7 and 2.7 log CFU/mL during
storage at 4°C £ 0.5. In particular, one of the treatments with 104 W and 936 J/mL for 6
minutes at temperatures of 59°C and 69°C showed no bacterial growth either during
processing or after refrigerated storage. On the other hand, Sert and Mercan [36] observed
a significant reduction in the counts of aerobic mesophilic bacteria in the butter from
cream after treatments at 85°C for periods of 5, 10 and 15 minutes.

The variation in results between different studies and those observed in our
research can be attributed to differences in treatment conditions and particular
characteristics of the food matrices used. The effectiveness of sonication in microbial
inactivation is strongly influenced by the operating conditions, particularly the power and
energy density of the ultrasonic equipment [28]. Power, defined as the amount of energy
(in joules) transmitted per second to the medium, and energy density, which quantifies
the energy per volume of liquid treated (in joules per cubic centimeter), are determining

factors for the effectiveness of the treatment [37].
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In our study, the power used was 35 W, which may have been insufficient to
induce effective acoustic cavitation, which is essential for the violent collapse of
microbubbles in the milk cream. This phenomenon generates intense mechanical forces
capable of breaking bacterial cell walls [7]. In contrast, Baruk¢i¢ et al. [38] reported that
increasing the power from 480 W to 600 W, with treatments at 55 °C for 8 minutes,
resulted in a reduction of one logarithmic cycle in the viable cell count. This suggests that
higher powers may be more effective in inducing cavitation and, consequently, bacterial
inactivation. Additionally, energy density is a crucial factor. In our study, the energy
density was 24.44 J/cm3, considerably lower than 93.6 J/cm? used by Balthazar et al. [28].
High energy densities intensify the mechanical (sonoporation) and thermal effects
generated by sonication, enhancing microbial inactivation [29], [33]. This disparity in
operating conditions may be responsible for the lower efficacy observed in our study
compared to others that used more intense sonication conditions.

Although most of the treatments did not show statistically significant changes,
groups US5 and US6 exhibited particularly remarkable bacterial stability, between
storage times (day 0 and day 30).

The precise configuration of the sonication parameters in these groups directly
impacted the stability of the bacterial load over the storage period. The US5 treatment
carried out with a power of 33 W and an energy density of 48.30 J/cm3, involved 10
minutes of sonication in pulsed mode at 65 °C. Treatment US6 used a power of 35 W and
an energy density of 119.06 J/cm3, with 15 minutes of sonication also in pulsed mode at
65 °C (total processing time of 30 minutes). These adjustments resulted in minimal
variations in bacterial growth, with growth variations of just 0.03 and 0.11 log,
respectively, between the beginning and end of the 30 days of refrigerated storage. These
results emphasize the effectiveness of these specific treatments in suppressing bacterial
proliferation, suggesting that carefully adjusted sonication parameters may be
fundamental to maintaining bacterial stability and ensuring food safety during prolonged
storage [11]. The stability observed in groups US5 and US6 highlights the importance of
precisely adjusting parameters such as power, energy density and sonication duration,
particularly in pulsed mode, which includes cooling periods between pulses. In addition,
applying a temperature of 65 °C for 10 and 15 minutes, respectively, in the treatments
proved to be effective in stabilizing the microbial load. This thermal regime, shorter than
the typical 40 minutes of slow pasteurization without sonication (IP-65), minimizes

thermal damage to the product and maximizes the physical destabilization of bacterial
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cells. This approach balances microbial efficacy and product integrity, with total
processing times of 20 and 30 minutes, respectively.

Although our results show a moderate effectiveness in containing the growth of
mesophilic bacteria, keeping the counts within acceptable limits after 30 days of
refrigerated storage, studies such as those by Baruk¢i¢ et al. [38] and Balthazar et al. [28]
highlight the significant influence of treatment conditions on the viability of microbial
cells. For example, Baruk¢i¢ et al. [38] reported an increase of approximately two
logarithmic cycles in the viable cell count after applying thermosonication at 45°C with
600 W for 10 minutes, a phenomenon attributed to the disintegration of microbial cell
clusters that released viable cells without exerting complete lethal effects. In contrast,
Balthazar et al. [28] observed greater effectiveness in destabilizing and rupturing bacterial
cells when applying higher temperatures, 59°C and 69°C, for 6 minutes.

The composition of the food matrix is essential for the effectiveness of ultrasonic
energy transmission and thermal distribution, directly influencing the uniformity and
effectiveness of the ultrasonic treatment. In this study, focused on raw milk cream - a
viscous, high-fat matrix - significant differences are observed compared to semi-skimmed
sheep's milk [28] and whey [38], both in nutritional composition and physical properties
[39]. The high viscosity of milk cream can reduce the efficiency of ultrasonic energy
transmission, resulting in slower and less uniform propagation of ultrasonic waves,
requiring precise adjustments to treatment parameters to ensure adequate antimicrobial
efficacy [29].

In addition, the high fat concentration in milk cream can serve as a protective
barrier for microorganisms, exceptionally those capable of associating with or infiltrating
lipid phases, making them less accessible to antimicrobial agents [39], [40]. In emulsions
such as cream, fat globules can encapsulate microorganisms, protecting thermal or
chemical treatments by isolating bacteria and minimizing their direct exposure to
treatment agents [39]. This feature highlights the need to adapt treatment technologies,
such as thermosonication, to the particularities of the food matrix to guarantee effective
microbial reduction and maintain the quality and safety of processed foods.

The literature on ultrasonic and thermosonic treatments is characterized by a
notable lack of standardization, which prevents direct comparisons between studies due
to the significant variations in treatment configurations. The absence of a consensus on
how to quantify the acoustic energy applied intensifies the difficulties of effectively

comparing results [16]. This diversity in treatment parameters highlights the need for in-
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depth investigations that explore how these parameters interact with the specific
characteristics of food matrices. Furthermore, the development of a standardized
experimental protocol for the inactivation of microorganisms in products such as milk
cream using ultrasound would be extremely useful, although such a protocol is not yet
available [11], [16].

3.3 Evaluation of the efficiency of treatments in reducing enterobacteria over time

Our study evaluated the impact of conventional pasteurization (rapid and slow)
and thermosonication treatments on Enterobacteriaceae counts in milk cream during a
30-day refrigerated storage period. The initial counts of these microorganisms in the raw
material were 2.95 log CFU/mL before treatment application (day 0), increasing to 8.15
log CFU/mL by day 30, indicating a statistically significant difference (P<0.05) (Table
2). Interestingly, no significant statistical differences (P> 0,05) were observed between
the pasteurized and thermosonic treatments immediately after processing, as both
managed to reduce the microbial load to zero. All pasteurization and sonication treatments
effectively reduced Enterobacteriaceae to non-detectable levels immediately after
processing. Interestingly, there was a varying degree of regrowth in some treatments after
30 days, notably in the IUNT and thermosonication-enhanced treatments like US3 and
US6. This suggests that, for this specific microorganism and on this specific day, all
treatments were equally effective.

The absence of enterobacteria immediately after the treatments indicates that both
pasteurization and thermosonication have the potential for initial sterilization. However,
the increase in counts during refrigerated storage highlights the challenges of controlling
these bacteria in the long term. Statistical analysis revealed significant differences (P <
0.05) between treatments in terms of limiting the growth or absence of growth of
enterobacteria, with treatments such as IP-72, US2, US4 and US5 showing no statistically
significant differences between them (P > 0.05), suggesting that they are equally the best
treatments for reducing the count of this microorganism. This suggests the superiority of
some thermosonication protocols.

It has been observed that the initial absence of enterobacteria after treatments,
followed by an increase in subsequent storage periods, may be due to sublethal damage
to the microorganisms [29]. The mechanical effects caused by cavitation cause different
types of physical damage to cell walls. Gram-negative bacteria often show a higher

sensitivity to these effects compared to Gram-positive bacteria. This is because the
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microflows and shock waves induced by cavitation cause mass transfer processes and
localized damage to cell walls. Such damage may not always lead to complete cell death,
allowing bacteria to repair and recover over time [32]. The differential susceptibility of
Gram-negative and Gram-positive bacteria to ultrasonic treatments, as evidenced in this
study, illustrates the complexity of the interaction between ultrasound technology and
food microbiology. The unique structure of the cell walls of Gram-negative bacteria,
which includes an outer membrane rich in lipopolysaccharides (LPS), offers initial
protection against hydrophobic agents and reduces mechanical damage [15]. Most Gram-
negative bacteria show high resistance to lipophilic natural antibacterial agents due to the
impermeable nature of their complex outer membrane structure, where the ultrasound
technique can be effective [29]. However, this same structure makes these bacteria
particularly vulnerable to ultrasound-induced cavitation. Gram-negative bacteria have
been shown to be less resistant to ultrasound than Gram-positive bacteria [13], [29].

As pointed out by Gao et al. [15], large cells are more easily inactivated by
ultrasound than small cells, and rod-shaped bacteria are considered more sensitive than
cocci. Complementing these observations, Gera and Doores [30] results highlight that
Escherichia coli, which belongs to the Enterobacteriaceae family, shows significantly
shorter decimal reduction times than Listeria monocytogenes, a Gram-positive bacterium,
under ultrasonic treatment. This suggests faster inactivation, possibly due to the lower
resistance of their cell walls to cavitation. However, the growth observed after 30 days of
refrigerated storage shows that these microorganisms were able to multiply during this
time. In addition, the presence of lactose has been identified as a factor that can offer
additional protection to bacteria [27]. In milk cream, the presence of lactose exerts a
sonoprotective effect during treatment with ultrasonic waves. Gera and Doores [30]
observed that the presence of lactose in the solution can protect bacteria against
inactivation by ultrasound. The increased stability of cell membranes was attributed to
the bond between the polar head group (phosphate group) of the phospholipid layer and
the free -OH group of the sugar. They identified lactose as a component that exerts a
sonoprotective effect due to its ability to stabilize cellular structures, such as proteins and
membranes, and to act as a compatible solute, maintaining osmotic balance and protecting
bacteria from the physical damage caused by ultrasound [30]. This finding suggests that
the response of bacteria to ultrasound may vary not only depending on the bacterial
species, but also on the composition of the environment in which they are found. The

study by Herceg et al. [27] confirms that Escherichia coli is more susceptible to
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ultrasound than Staphylococcus aureus in cow's milk, reinforcing the idea that the specific
characteristics of both the environment and the microorganism can significantly influence

the effectiveness of the treatment.

3.4 Evaluation of the treatment efficiency in reducing molds and yeasts over time

Table 2 shows the effectiveness of conventional pasteurization treatments (rapid
and slow) and thermosonication in controlling the growth of fungi in milk cream over 30
days. Initial analysis of the raw material indicated a significant increase in fungal counts,
from 1.00 log CFU/mL on day 0 to 8.26 log CFU/mL on day 30. This observation is
pertinent because creams, typically kept under refrigeration and often produced from
thermally treated milk, including some fermented products, pose specific preservation
challenges [41]. Interestingly, the US-6 treatment was the least effective on day O,
significantly increasing (P<0.05) the microbial count compared to the IUNT treatment.
Similar to Enterobacteriaceae, most treatments significantly reduced molds and yeasts,
with many maintaining low levels throughout the storage period. The IUNT showed a
notable increase, suggesting that the lack of initial processing allowed for substantial
fungal growth over time.

The uninoculated samples subjected to rapid pasteurization (72°C for 15 seconds;
NIP-72) showed a significant increase (P < 0.05) in fungal counts between day 0 (with
no counts) and day 30 with counts of 3.68 log CFU/mL (Table 2). This indicates that
rapid pasteurization was not effective in controlling fungi over the refrigerated storage
time. This increase can be attributed to the intrinsic ability of molds and yeasts to enter
states of dormancy or resistance, allowing them to survive in sublethal conditions and
recover later when conditions become more favorable. In addition, their complex cell
structure, which can include thick cell walls and protective substances, contributes to this
resilience ([15], [42].

In contrast, slow pasteurization (NIP-65) showed no significant difference (P >
0.05) in fungal counts, suggesting greater efficacy in fungal control over storage time.
For the inoculated treatments, slow pasteurization (IP-65) and rapid pasteurization (IP-
72) showed no significant differences (P > 0.005) between day 0 and day 30. This
suggests that, the pasteurization treatments maintained stability in the fungal counts.

In the thermosonication-treated groups (US-1 to US-6), there were variations in
mold and yeast counts over the storage time. Groups US-1, US-2 and US-3, which were

subjected to rapid pasteurization followed by sonication for 3, 5 and 10 seconds (total
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processing time of 6 and 10 seconds, respectively), respectively, showed statistically
significant differences (p < 0.05) between day 0 and day 30. Treatments US1 and US3
showed initial counts of 2.58 log UFC/mL and 2.45log UFC/mL, respectively, on day 0.
However, there was no detectable fungal growth on day 30. This suggests that the
combination of rapid pasteurization and sonication was effective in controlling fungi over
time. However, temperature may have been the determining factor. In short times of
exposure to sonication, a very small amount of sonoporation occurs, accompanied by the
formation of microcracks and ruptures in the cell wall. On the other hand, at prolonged
times, sonoporation occurs in excess, resulting in severe mechanical shear and cell rupture
[14].

On the other hand, the US-2 treatment showed an increase in fungal counts, from
2.46 log UFC/mL to 3.55 log UFC/mL between day 0 and day 30, indicating a growth of
1.10 log. This result suggests that sonication for 5 seconds (total processing time of 10
seconds) was not effective in controlling fungi over the storage period. In the group of
samples subjected to slow pasteurization followed by sonication in minutes, there were
significant differences (P < 0.05) in the fungal counts between day 0 and day 30 in groups
US4 and US5. The US4 group had an initial count of 2.00 log UFC/mL, which increased
to0 4.62 log UFC/mL, while the US5 group went from no growth on day 0 to growth of 2
log UFC/mL on day 30. This indicates that, despite the increase in energy density, 10
minutes of slow thermosonication was not enough to control fungal growth. In the US-6
group, the fungal counts showed no significant differences (P > 0.05) over time,
suggesting that the 15-minute sonication treatment resulted in a total processing time of
30 minutes, which may have been moderately effective in controlling fungi. However, it
is worth noting that this treatment already had a high count on day 0, with 4.89 log
CFU/mL, compared to other treatments which started with lower initial counts (Table 2).
This suggests that, despite the extended sonication time, the high initial fungal load may
have affected the effectiveness of the treatment.

In contrast to our studies, Jalilzadeh et al. [24] observed no significant differences
between different ultrasound frequencies for the deactivation of P. chrysogenum in
ultrafiltered Iranian feta cheese stored for 30 days. The reductions on the seventh day of
ripening at frequencies of 20, 40 and 60 kHz were 1.11, 1.07 and 1.11 log CFU/mL,
respectively. The resistance of fungi to inactivation treatments can be attributed to
specific characteristics of certain species, which show resistance to heat, especially due

to the presence of ascospores. These ascospores can be activated when heat treatments do
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not reach temperatures high enough to inactivate them. In addition, the characteristics of
the fungi's cell walls confer greater resistance to sonication [15], [41].

In the present study, which used low-frequency ultrasound (20 kHz), some
inactivation was observed in treatments such as US-1 and US-3 over 30 days of storage,
but growth was observed in treatments US-4 to US-6. Despite the use of high-frequency
ultrasound (850 kHz) by Gao et al. [42], the inactivation of A. pullulans suspensions was
also less effective. The acoustic cavitation induced by high-frequency ultrasound could
have caused mechanical effects and sonochemical reactions, such as the formation of
hydroxyl radicals in the agueous medium. However, low-frequency and high-power
ultrasound treatments, such as those used in our studies, showed inactivation that can be
attributed to the mechanical effects of acoustic cavitation. The growth observed in fungi
over the 30 days of storage under refrigeration can largely be attributed to the differences
in the composition of the cell wall of these microorganisms compared to bacteria. This
finding was also made by Gao et al. [15], who studied microorganisms of different sizes.
They selected the Gram-negative bacterium Enterobacter aerogenes, with a peak
diameter of 1.1 um, and the yeast Aureobasidium pullulans, with a peak diameter of 7.6
um. In comparison, the yeast proved to be more resistant to ultrasound, due to its greater
ability to withstand shear forces. The predominant composition of the cell wall of A.
pullulans, composed mainly of mannoproteins and glucans, confers superior resistance to

ultrasound when compared to E. aerogenes.

3.5 Evaluation of the temperature variation of thermosonication treatments on milk
cream samples

As shown in Table 3, the temperature variation was significant (p < 0.05) between
the six treatments subjected to thermosonication. This indicates that sonication affected
the final temperatures in different ways. Treatments US1, US2 and US3 were subjected
to short sonication periods of 3, 5 and 10 seconds (total treatment time of 6 and 10 seconds,
respectively). No change in temperature was observed during these treatments, as
indicated by a AT equal to 0, probably due to the short time the thermosonication applied.
On the other hand, in treatments US4 to US6, which were subjected to longer sonication
periods of 5, 10 and 15 minutes, the temperature variation was more noticeable, resulting
in total processing times of 10, 20, and 30 minutes, respectively. The US4 treatment
(thermosonication for 5 minutes) showed the greatest temperature variation, while US5

(10 minutes of thermosonication) showed the least variation, resulting in total processing
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times of 10 and 20 minutes, respectively. On the other hand, in treatments US4, US5 and
US6, which were subjected to longer periods of sonication (5, 10 and 15 minutes,
respectively), the temperature variation was more noticeable. Treatment US4 (5 minutes
of thermosonication) showed the greatest temperature variation, while treatment US5 (10

minutes of thermosonication) showed the least variation.

Table 3

These findings align with observations made by Balthazar et al. [28], who reported
significant temperature variations during ultrasound treatments. For instance, their study
on semi-skimmed sheep's milk revealed that sonication at 20 kHz with a power of 104 W
for 6 minutes led to temperature ranges from 59°C to 69°C. In contrast, a different
treatment in their study, US-2, showed temperatures between 53°C and 63°C = 1. The
rise in temperature is a direct consequence of the cavitation generated by ultrasound,
which can increase the effectiveness of the treatment. Cavitation leads to the formation
of microbubbles that implode, releasing thermal and mechanical energy. This process
contributes to the observed temperature rise, which can be useful for microbial
inactivation [43].

To avoid overheating the sample in our study, we used a jacketed container
connected to a water bath to allow water circulation and temperature control, as in the
studies by Sert and Mercan [36] with cream for butter production, and Baruk¢i¢ et al. [38]
who studied thermosonication in sweet whey samples. The use of a jacketed container
provides more precise temperature control during heat treatments, which is an important
consideration when comparing treatments involving ultrasound, since cavitation and the
collapse of gas bubbles also cause rapid temperature changes [43].

The temperature of the milk cream during the application of ultrasound confirms
the occurrence of the cavitation phenomenon, characterized by the collapse and implosion
of bubbles, with a notable increase at the end of the process. A significant variation in
temperature (high AT) may have enhanced the thermal effect, thus increasing the
effectiveness of inactivating S. aureus MRSA and other indicator microorganisms. This
increase in temperature may have enhanced the bactericidal effect of ultrasound-induced
cavitation. Furthermore, this assumption is supported by comparing the calculated
ultrasonic intensities, which were considerably lower in the case of sonication treatments

combined with temperature [14].
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Finally, the results of this study indicate that combining pasteurization with
thermosonication is generally more effective in reducing microbial loads than
pasteurization alone. The effectiveness of sonication appears to be both time and
intensity-dependent, with longer or more intense sonication periods leading to lower

microbial counts initially and throughout the storage period.

4. Conclusion

The study underscores the importance of optimizing milk cream processing
techniques to balance microbial safety with quality preservation. The integration of
thermosonication with pasteurization offers a promising approach to enhance microbial
inactivation, though the specific parameters (duration and intensity of sonication) need
careful adjustment to maximize efficacy and prevent microbial regrowth during storage.
This study's findings contribute to the broader field of food microbiology by providing
insights into the microbial dynamics in processed dairy products, which is crucial for
developing safer and higher-quality food products.
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FIGURE

Fig. 1. Processing parameters used in the treatments of cream and Staphylococcus MRSA
counts (log CFU/mL) in milk cream samples treated with pasteurization and
thermosonication immediately after processing.
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IUNT, inoculated and untreated; NIP-72, uninoculated and rapid pasteurization; NIP-65, uninoculated and
slow pasteurization; IP-72, inoculated and rapid pasteurization; IP-65, inoculated and slow pasteurization;
US-1, inoculated, rapid pasteurization and sonication for 3 s; US-2, inoculated, rapid pasteurization and
sonication for 5s;US-3, inoculated, rapid pasteurization and sonication for 10s; US-4, inoculated, slow
pasteurization and 5 min sonication; US-5, inoculated, slow pasteurization and sonication for 10 min; US-
6, inoculated, slow pasteurization and Sonication for 15 minutes.
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Fig. 2. Staphylococcus aureus MRSA counts (log CFU/mL) of sour cream samples
immediately after processing (0 d), 15 days (15 d) and 30 days (30 d) of refrigerated
storage at 5 °C (£0. 5).

Staphylococcus MRSA

Day 0
M7 Day 15
104 ea” Day 30
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| i cA
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a
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NIP-72, uninoculated and rapid pasteurization; NIP-65, uninoculated and slow pasteurization; IP-72,
inoculated and rapid pasteurization; IP-65, inoculated and slow pasteurization; US-1, inoculated, rapid
pasteurization and sonication for 3 s; US-2, inoculated, rapid pasteurization and sonication for 5 s;US-3,
inoculated, rapid pasteurization and sonication for 10 s; US-4, inoculated, slow pasteurization and 5 min
sonication; US-5, inoculated, slow pasteurization and sonication for 10 min; US-6, inoculated, slow
pasteurization and Sonication for 15 minutes.

Staphylococcus MRSA(A); total count of mesophilic aerobic bacteria (B); Enterobacteriaceae count (C);
Mold and Yeast Count (D). Different letters mean meaning difference p < 0.05.

Means + standard deviation followed by different lowercase letters within rows indicate statistical
difference between treatments (p < 0.05). Means * standard deviation followed by different uppercase
letters within columns indicate statistical difference between days (p < 0.05).
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Table 1. Processing parameters used in the treatments of cream and Staphylococcus MRSA counts (log CFU/mL) in milk cream samples treated
with pasteurization and thermosonication immediately after processing (0 d). at 14 days and 30 days of refrigerated storage (5 + 0.5 °C).

Treatment Power Pulse Energy density Temperature Pasteurization Sonication Total Processing
(W) (s) (Jlecm?d) (°C) Time Time Time
IUNT - - - - - - -
NIP-72 - - - 72 20 sec - -
NIP-65 - - - 65 40 min - -
IP-72 - - - 72 20 sec - -
IP-65 - - - 65 40 min - -
US1 31 0 0.39 72 3sec 3sec 6 sec
us2 31 0 0.72 72 5 sec 5 sec 10 sec
usS3 31 0 1.47 72 10 sec 10 sec 20 sec
us4 35 30 24.44 65 5 min 5 min 10 min
usSs 33 30 48.30 65 10 min 10 min 20 min
us6 35 30 119.06 65 15 min 15 min 30 min

IUNT. inoculated and untreated; NIP-72. uninoculated and rapid pasteurization; NIP-65. uninoculated and slow pasteurization; IP-72. inoculated and rapid pasteurization; IP-
65. inoculated and slow pasteurization; US-1. inoculated. rapid pasteurization and sonication for 3 s; US-2. inoculated. rapid pasteurization and sonication for 5 s; US-3.
inoculated. rapid pasteurization and sonication for 10 s; US-4. inoculated. slow pasteurization and 5 min sonication; US-5. inoculated. slow pasteurization and sonication for 10
min; US-6. inoculated. slow pasteurization and Sonication for 15 minutes.
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Table 2. Survival concentrations (log CFU/mL) of indicator microorganisms in milk cream samples treated with pasteurization and thermosonication

immediately after processing (0 d) and during refrigerated storage (30 d) (5 £ 0.5 °C).

96

|Treatmen ts Mesophiles Enterobacteriaceae Molds and Yeasts
0d 30d 0d 30d od 30d
IUNT 10.38 + 0.40°* 12.48 + 0.00°4 2.95 +0.09" 8.15+0.04* 1.00 +0.00°<P 8.26 £0.11*
NIP-72 3.47 + 0.09"°F 4.57+ 0.26°°F 0.00 + 0.00® 2.60+0.00% 0.00 +0.00"° 3.68 +0.06
NIP-65 4.89 + 0.70%8¢ 5.48+0.10%® 0.00 +0.00%® 1.73 £0.69%° 2.79+0.71%® 3.07+0.16%°
IP-72 4.49 + 0.43B¢D 5.06 + 0.22%8¢ 0.00 +£0.00%® 0.00 + 0.00% 2.31+0.21%¢ 2.00 +0.00%
IP-65 3.95+0.57%F 4.81+ 0.00%%¢ 0.00 +0.00%® 3.13+0.04% 2.82+0.81%*® 2.81+0.10%°
US1 3.15+0.15% 4.14+0.23% 0.00 +0.00%® 4.53+0.05% 2.58 £0.75% 0.00 +0.00 "
Us2 3.30+ 0.00" 4.24 +0.12%%¢ 0.00 +£0.00%® 0.00 + 0.00°% 2.46 + 0.45"BC 3.52+0.35%
US3 5.00+ 0.00%® 475+ 0.28°CF 0.00 +0.00%® 3.90 +0.50%® 2.45 + 0.54 %8C 0.00 +0.00 "
US4 5.02+0.04%® 4.89+ 0.50%¢P 0.00 +£0.00%® 0.00 + 0.00% 2.00 + 0.00 B¢ 4.62+0.04%
US5 4.34+0.38%B°0 435+ 0.04°°F 0.00 +£0.00%® 0.00 + 0.00% 0.00 +0.00"° 2.00 £ 0.00%
US6 4.68 +0.17%8C 4.79 + 0.29°°F 0.00 +0.00%® 4.51+0.00% 4.89+0.81% 4.49 +0.02%®

IUNT. inoculated and untreated; NIP-72. uninoculated and rapid pasteurization; NIP-65. uninoculated and slow pasteurization; IP-72. inoculated and rapid pasteurization; IP-
65. inoculated and slow pasteurization; US-1. inoculated. rapid pasteurization and sonication for 3 s; US-2. inoculated. rapid pasteurization and sonication for 5 s; US-3.
inoculated. rapid pasteurization and sonication for 10 s; US-4. inoculated. slow pasteurization and 5 min sonication; US-5. inoculated. slow pasteurization and sonication for 10
min; US-6. inoculated. slow pasteurization and Sonication for 15 minutes.

Values were expressed as a meantSD (n=2).

&< Different lowercase superscripts indicate significant differences among storage times (p<0.05).

A-D Different uppercase superscripts indicate significant differences among treatments of milk cream samples (p<0.05).
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Table 3. Change in temperature of cream samples during thermosonication treatments

Treatment Initial T (°C) Final T (°C) AT
us1 72 +0.00? 72 +0.00° 0+ 0.00?
us2 72 +0.00? 72 +0.00° 0+ 0.00?
uUs3 72 £0.00% 72 £ 0.00° 0+ 0.00?
us4 60.83 £0.12° 64.53 + 0.59° 3.7+0.52
uUSs5 62.70 £ 0.30° 65.23 + 1.25° 25+1.12°
US6 64.00 + 0.20P 67.17 + 0.35% 3.2+0.32°

US-1. inoculated. rapid pasteurization and sonication for 3 s; US-2. inoculated. rapid pasteurization and sonication for 5s; US-3. inoculated. rapid pasteurization and sonication
for 10 s; US-4. inoculated. slow pasteurization and 5 min sonication; US-5. inoculated. slow pasteurization and sonication for 10 min; US-6. inoculated. slow pasteurization and
Sonication for 15 minutes.

Different letters mean meaning difference p < 0.05.

AT Temperature change, defined as the difference between the final and initial temperatures (AT =T _final - T_initial).

&b Different lowercase superscripts indicate significant differences among treatments of milk cream samples (p<0.05).
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Abstract

Staphylococcus aureus is is an important zoonotic pathogen causing severe
infections in both humans and animals. Food contaminated with staphylococcal
enterotoxins can lead to food poisoning, presenting symptoms like nausea,
vomiting, and diarrhea. The emergence of antimicrobial resistance, particularly
multidrug-resistant strains transmitted through food, is a pressing global issue.
Understanding these challenges is crucial for food safety. This review provides a
comprehensive look at enterotoxigenic staphylococci and their toxins in various
foods, discussing their impact on public health. It specifically addresses
methicillin-resistant strains involved in foodborne illnesses. Strategies for
prevention and control include hygiene practices, temperature management, and
advancements in detection technologies. Innovations in natural antimicrobial
agents and thermal/non-thermal technologies are improving food safety
measures without compromising quality.Despite advancements, challenges
remain in combating Staphylococcus aureus contamination. Ongoing research
focuses on developing new technologies to deactivate the pathogen and its
toxins. In conclusion, addressing these challenges requires sustained efforts to
enhance food safety protocols, alongside identifying future research needs in

technology development.



22

23

24

25
26
27
28

Keywords: Enterotoxin;  Methicillin-resistant ~ Staphylococcus — aureus;

Antimicrobial resistance; Inactivation technology; Food safety

* Corresponding author:
Professora Marion Pereira da Costa, D.V.M., M.Sc., Ph.D.
Av. Adhemar de Barros, 500 - Ondina, Salvador, Bahia, Brasil, CEP 40170-110

E-mail address: marioncosta@ufba.br (M. P. Costa).

100



29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

101

1. Introduction

Unsafe food poses a serious threat to human health. Each year, up to 600 million people
worldwide become ill after eating contaminated food, and approximately 420,000 die, with 40%
of these deaths occurring among children under 5 years of age (WHO 2022). The Center for
Disease Control and Prevention (CDC) estimates that 48 million people in the United States
(one in six Americans) develop foodborne disease, resulting in 128,000 hospitalizations and
3,000 deaths each year (CDC 2022; FDA 2019). In 2021, the 27 country members of the
European Union (EU) reported 4,005 outbreaks of foodborne illness, an increase of 29.8%
compared to 2020, with bacteria being the leading causative agents (EFSA 2022a). More
broadly, over half of all global bacterial deaths in 2019 were attributed to just five pathogens:
Staphylococcus aureus, Escherichia coli, Streptococcus pneumoniae, Klebsiella pneumoniae,
and Pseudomonas aeruginosa (lkuta et al. 2022). The widespread impact of these pathogens
highlights the need for global surveillance systems, improved diagnostic methods, and
enhanced strategies for infection prevention and control.

Interestingly, the COVID-19 pandemic had an unexpected impact on food safety, with a
global decrease in reported outbreaks, likely due to measures taken to combat the virus
worldwide (EFSA 2022b). Between 2013 and 2022, an average of 6,523 outbreaks of foodborne
illnesses were reported annually in Brazil, with 107,513 patients (16 patients/outbreak), 12,722
hospitalized, and 112 deaths, reflecting significant underreporting and the importance of
prevention efforts (Brazil 2023).

In this context, the focus on food safety shifts to microorganisms that significantly impact
the global incidence of foodborne diseases. Among these, Staphylococcus aureus (S. aureus)
not only stands out as one of the top five pathogens responsible for global bacterial deaths but

also as a notorious source of food contamination. This Gram-positive microorganism, present
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in about one-third of the global population, causes a range of infections, from staphylococcal
food poisoning to toxic shock syndrome and pneumonia. Its global prevalence and link to
foodborne disease outbreaks underscore a persistent challenge to public health, requiring
ongoing vigilance and prevention efforts tailored to both regional and global realities
(Cavaiuolo et al. 2023; Ikuta et al. 2022; Li et al. 2022a; Zhang et al. 2022a). This bacterium
secret multiple toxins, such as staphylococcal enterotoxins (SEs), hemolysins, coagulases,
lipases, DNases, lactamases, and capsules, which facilitate the colonization of host tissues and
evasion of the immune response (Chen et al. 2022a; Kansaen et al. 2023; Li et al. 2022a; Shoaib
et al. 2023).

Staphylococcal enterotoxins (SEs) are significant for their ability to disrupt adaptive
immunity by over-stimulating T cells and causing inflammation, with their resistance to
common cooking and digestion processes allowing doses as low as 20-100 ng to induce serious
symptoms (Cai et al. 2023; Wan et al.2023). Currently, 28 types of SEs have been identified,
highlighting the adaptability and danger of these toxins. S. aureus poses a continuous threat
throughout the food chain, particularly in animal products, leading to potential foodborne
outbreaks. The emergence of beta-lactam-resistant strains, including those resistant to
methicillin, in various foods, underscores the growing challenge of ensuring food safety and
emphasizes the critical need for stringent monitoring and adherence to health standards to
prevent infections from contaminated foods (Abolghait et al. 2020; Berry et al. 2022; Fischer,
Otto and Cheung 2018; Suzuki et al. 2020; Grispoldi et al. 2021; Umeda et al. 2021,
Bencardino, Amagliani, and Brandi 2021; Fanelli et al. 2022; Khairullah et al. 2023; Li et al.
2022Db; Zhang et al. 2022a).

A significant gap in the current literature is the absence of a detailed and comprehensive
analysis of the current trends related to S. aureus as a foodborne pathogen. While there is a

significant amount of individual research addressing this topic, most focus on isolated aspects,
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such as epidemiology, pathogenicity, or detection methods. However, a holistic analysis that
gathers and synthesizes the latest findings on contamination trends, production of new
enterotoxins, resistance to antimicrobials, and prevention strategies is notably missing. Based
on these aspects, this review aimed to describe an overview of enterotoxigenic staphylococci,
methicillin-resistant staphylococci in different foods, and their relationship to pathogenicity
mechanisms. This article also briefly discusses new trends in technologies being investigated
in the methods of control and inactivation of S. aureus and its toxins.

Our review provides a comprehensive overview of enterotoxigenic staphylococci,
methicillin-resistant Staphylococcus aureus (MRSA) in various foods, and their relationship
with pathogenic mechanisms. Additionally, it briefly discusses emerging trends in technologies
being investigated for the control and inactivation of S. aureus and its toxins. To construct this
narrative review, we conducted a thorough examination of both original research and review
articles, utilizing reputable databases such as PubMed, Elsevier, Science Direct, Wiley, Taylor
& Francis. We employed a strategic search methodology, using keywords such as "Food
poisoning,” "Prevention and control,” "Enterotoxins," "Food safety,” in conjunction with
"Staphylococcus aureus™ or "Methicillin-resistant Staphylococcus aureus (MRSA)," and
"Detection technologies," to gather pertinent data that clarify this intricate relationship. This
diligent research process enabled us to compile and analyze critical findings that underscore the
significant role of S. aureus as an important zoonotic pathogen and strategies to mitigate its

impact on food safety.

2. Staphylococci aureus and staphylococcal foodborne poisoning

2.1 Staphylococci and S. aureus — an overview
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Staphylococci constitute a genus of bacteria notable for their widespread presence in

the environment and the human body. These bacteria are distinguished by their dual nature:
some species act as harmless commensals, while others emerge as opportunistic and pathogenic
agents capable of causing a spectrum of diseases (Bencardino, Amagliani, and Brandi 2021).
Within this genus, Staphylococcus is remarkably diverse, encompassing more than 81 species,
with numerous subspecies characterized to date (https://Ipsn.dsmz.de/genus/staphylococcus)
(Shoaib et al. 2023). Furthermore, Staphylococcus spp. is classified into two groups based on
their ability to produce coagulase (an enzyme that clots plasma) (Cavaiuolo et al. 2023; Kansaen
et al. 2023). This classification is crucial for understanding staphylococcal infection's
pathogenicity and treatment strategies.
Coagulase-positive staphylococci (CPS) represent a subgroup within the Staphylococcus genus,
classified as gram-positive. These bacteria are either aerobic or facultatively anaerobic,
highlighting their adaptability to various environmental conditions (Cavaiuolo et al. 2023). The
most common CPS species are S. aureus, S. schleiferi subsp coagulans, S. lutrae, S. hyicus; S.
intermedius, S. argenteus, S.schweitzeri and S. delphini (Cavaiuolo et al. 2023; Kansaen et al.
2023). CPS, especially S. aureus, is distinguished by its ubiquity and virulence. This spherical
bacteria naturally colonize the normal microbiota of human skin and respiratory mucosa (main
reservoir) and, to a lesser extent, the environment. It is the most pathogenic species of
Staphylococcus spp (Shoaib et al., 2023).

Humans and food-producing animals are the main reservoirs of S. aureus transmission
(Oniciuc et al. 2017; Shoaib et al. 2023). In addition, S. aureus is responsible for nosocomial
and community-acquired infections with a wide geographic distribution (Cavaiuolo et al. 2023).
Human contamination by S. aureus can occur through direct human contact, nasal carriers in
food processing environments, contaminated food, objects, surfaces such as doorknobs, faucets,

hospital equipment (fomites), and food processing environments. Animals (dairy cows) and
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also the integration of companion animals in households can contribute to this contamination
(Bencardino, Amagliani, and Brandi 2021; Chaves et al. 2018). Infection by S. aureus is not
limited contact or environmental exposure. It can also occur through ingesting foods that are
handled or stored improperly.

However, under certain conditions, S. aureus can become an opportunistic pathogen that
causes various infections in humans and animals (Cavaiuolo et al. 2023; Li et al. 2022a; Zhang
et al. 2022). There is a diversity of conditions caused by the disease, ranging from superficial
skin infections of the skin to more severe conditions such as toxic shock syndrome,
osteoarticular diseases, bacteremia, pneumonia, endocarditis, and sepsis (Abolghait et al. 2020;
Alghizzi and Shami 2023; Bencardino, Amagliani, and Brandi 2021; Chen et al. 2022a;
Kansaen et al. 2023; Li et al. 2022a). Furthermore, the resistance of S. aureus to various
antibiotics, including methicillin and vancomycin, poses an additional challenge to effectively
treating infections, making antimicrobial resistance management a public health priority (Zaher

et al. 2023).

2.2 Epidemiology of S. aureus

S. aureus is recognized as an opportunistic foodborne pathogen, attracting significant attention
from scientists and health professionals due to its implications for animal health, human health,
and food safety (Cavaiuolo et al. 2023; Li et al. 2022a; Zhang et al. 2022). This interest is
evidenced by extensive and recent research that highlights its consequences in various areas,
underscoring the need for surveillance and control.

This focus on food safety and public health is directly connected to the recognition of S.
aureus as a significant global challenge, as demonstrated by the Global Burden of Disease

Study 2019. This systematic report not only emphasizes S. aureus position as the leading
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pathogenic agent in mortality in 135 countries, with over a million deaths attributed to it in 2019
but also stresses the importance of addressing its global impact. This pathogen stands out among
33 evaluated bacteria, particularly for its lethality in individuals over 15 years old, accelerating
the demand for international strategies to reduce its prevalence (lkuta et al. 2022).

Moreover, the influence of S. aureus extends to the realm of foodborne diseases, marking
its significant presence in different regions. In the United States, S. aureus is among the top five
pathogens causing foodborne illness (estimated at 241,148 cases). In the European Union, it
ranks among the top three, and in Brazil, it is noted as the third most identified etiological agent
in 10.8% of waterborne and foodborne disease (DTHA) outbreaks, only surpassed by
Escherichia coli (32.3%) and Salmonella (10.9%) (Brasil 2023; CDC 2022; EFSA 2022a). The
prevalence of S. aureus as a food contaminant, especially through enterotoxigenic strains that
can cause food poisoning, highlights the critical importance of monitoring and controlling this
pathogen to protect public health.

In Brazil, specifically, S. aureus was responsible for approximately 170 reported cases of
foodborne disease outbreaks between 2013 and 2022, consolidating its position as one of the
primary pathogens regarding food safety in the country (Brasil 2023). These data emphasize
the urgency of implementing robust surveillance and effective preventive measures globally to
mitigate the risks associated with S. aureus. Additionally, it highlights the need for coordinated
actions among public health bodies, healthcare professionals, and the food industry to ensure

food safety and protect collective health.

2.3 Mechanisms of pathogenicity, virulence factors, and production of enterotoxins
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The ability of S. aureus to cause a wide range of infections, from food poisoning to severe
clinical conditions such as septicemia and pneumonia, is primarily influenced by its
sophisticated mechanisms of pathogenicity (Shoaib et al. 2023).

S. aureus has various virulence factors, underscoring its adaptive and pathogenic capacity
across diverse environments. Different classes of mobile genetic elements encode these factors
and include a range of extracellular enzymes such as proteases, amylases, hyaluronidase,
hemolysins, coagulases, lipases, DNases, lactamase, capsules, and, especially, enterotoxins
(Chen et al. 2022a; Freitas et al. 2023; Kansaen et al. 2023; li et al. 2022a; Shoaib et al. 2023).
The broad virulence of S aureus enables survival in distinct environments. This adaptative
capability enhances adhesion, invasion, and immune evasion and triggers inflammatory
responses through pathogen-associated molecular patterns (Chen et al. 2022a).

Among the various virulence factors, toxins and superantigens play a crucial role, whose
primary function is to disrupt host cell membranes and induce lysis and inflammation of target
cells, producing inflammatory cytokines (Abolghait et al. 2020; Chen et al. 2022a).
Furthermore, S. aureus produces extracellular enzymes that break down host molecules into
nutrients, promoting bacterial survival and proliferation (Chen et al. 2022a).

SEs, which act as superantigens, trigger excessive immune responses by activating the
major histocompatibility complex class Il (MHC-I1) receptors on antigen-presenting cells and
the variable region of the beta chain (V) of the T cell receptor (TCR) on T lymphocytes (Berry
et al. 2022; Fischer, Otto and Cheung 2018; Suzuki et al. 2020). This activation leads to the
release of a series of proinflammatory cytokines, such as interleukin-1 (IL-1), IL-2, interferon-
v (IFN-y), tumor necrosis factor-alpha (TNF-a), and TNF-f, which are crucial for the induced

toxicity, as depicted in Figure 1 (Abolghait et al. 2020; Wan et al. 2023; Zhang et al. 2018).

[Figure 1 near here]
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Furthermore, the effects of SEs, including the induction of emesis, are attributed to their
superantigenic activity, which promotes an intense inflammatory response in the intestine and
degranulation of intestinal mast cells (Bencardino, Amagliani and Brandi 2021; Wan et al.
2023). In this sense, it has been postulated that emesis induced by enterotoxins is due to the
translocation of enterotoxins through mucus-producing goblet cells and epithelial cells of the
intestinal epithelium. The enterotoxin interacts with mast cells to induce the release of 5-
hydroxytryptamine (precursor of 5-HT/serotonin), which interacts with the vagus nerve to
cause an emetic response. Additional cellular targets, including T cells and neutrophils, may
also play arole in the pathogenesis of staphylococcal food poisoning (Fischer, Otto, and Cheung

2018).

2.4 Sources and routes of S. aureus contamination in foods

The food contamination by S. aureus is a critical public health issue due to its ability to
produce enterotoxins that cause severe intoxications (Berry et al. 2022). The presence of S.
aureus in various foods is facilitated by its ubiquity in the environment and the flora of humans
and animals, underscoring the need to identify sources and pathways of contamination to
prevent outbreaks (Umeda et al. 2021).

Although S. aureus sp are commonly associated with nosocomial and community-
acquired infections, many of these coagulase-positive strains are enterotoxigenic and pose a
contamination risk for food, causing Staphylococcal food poisoning (SFP) (Berry et al. 2022;
Cavaiuolo et al. 2023; Chen et al. 2022a; Li et al. 2022a; Suzuki et al. 2020; Umeda et al. 2021).
The primary sources of contamination include raw meats and meat products, poultry, eggs, and
unpasteurized milk, as well as products derived from these foods (Abolghait et al. 2020; Li et

al. 2022b). Other risk factors include retail-sold foods, inadequate food handling practices, and
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ready-to-eat foods. The latter can provide ideal conditions for the proliferation of S. aureus, due
to exposure to pratices such as failure in temperature control, cross-contamination, improper
storage, and insufficient hygiene during preparation. Such conditions favor bacterial growth,
increasing the risk of harmful bacterial activity (Abolghait et al. 2020; Cavaiuolo et al. 2023;
Fanelli et al. 2022; Li et al. 2022b; Park et al. 2020; Umeda et al. 2021; Zhang et al. 2022a;
Zhang et al. 2022b).

The adaptability of S. aureus to complex food environments is notable, especially under
conditions of high humidity, broad pH variation (5 to 9.6), and high concentrations of sugar or
salt. These factors, coupled with competition with other microorganisms and specific
environmental conditions, including temperature ranges conducive to growth (10 to 46 °C), a
water activity (aw) of 0.86 to 0.99, and a redox potential ranging from -100 to +200 mV,
significantly contribute to its ability to survive and multiply in various food environments
(Abolghait et al. 2020;Grispoldi et al. 2021; Kansaen et al. 2023; Li et al. 2022a). The capability
of S. aureus to secrete enzymes and produce toxins, especially enterotoxins, amplifies its
competitive advantage amidst this complexity. These toxins not only facilitate overcoming
other microorganisms but also accelerate S. aureus ability to establish itself in these niches
effectively. Forming biofilm further protects the bacteria against host immune responses,
endowing it adaptability in these food contexts (Tuncay and Sancak 2023).

In animal-derived products, such as meats, poultry, eggs, and unpasteurized milk and its
derivatives, the risk of foodborne outbreaks linked to S. aureus is notably high (Bencardino,
Amagliani, and Brandi 2021). This risk is intensified by the ability of S. aureus to colonize a
wide range of animals, especially cattle, which can be asymptomatic carriers of the pathogen
and sometimes develop mastitis. Such a condition in dairy cows can lead to the contamination
of raw milk with S. aureus, creating a conducive environment for bacterial growth and the

production of enterotoxins (Necidova et al. 2019; Shoaib et al. 2023). This chain of
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contamination extends beyond the animal source, intrinsically linked to insufficient hygiene
practices at various stages of food processing. From the production phase through handling,
shipping, slicing, storage, and the point of sale, animal-derived foods are subject to
contamination (Zaher et al. 2023). The complexity of contamination, especially evident in dairy
products, encompasses various factors, such as the milking environment, the production
process, the personnel involved in processing, production tools and equipment, water quality,
and environmental conditions, as depicted in Figure 2 (Tuncay and Sancak 2023). This complex
network of potential contamination points highlights the critical need to implement rigorous
food safety practices to ensure the quality and safety of animal-derived foods and their dairy

derivatives.

[Figure 2 near here]

The growth of community-acquired infections and the urgency to monitor antibiotic-
resistant strains of S. aureus have motivated studies on its transmission through food handlers.
These professionals, often exposed to the pathogen, not only face the risk of contracting
infections but also act as conduits for the spread of pathogenic strains during the food
processing and distribution stages (Bencardino, Amagliani, and Brandi 2021; Berry et al. 2022).
Cross-contamination, where microorganisms are transferred from surfaces or other elements to
foods, is identified as a significant cause of food poisoning, necessitating effective control and
prevention strategies (Bencardino, Amagliani, and Brandi 2021).

The prevalence of nasal carriers of S. aureus spp. in food processing environments
highlights the dangers of cross-contamination. The presence of Staphylococcus spp. in Brazilian
institutions, home kitchens, and cream-based desserts underscores the need for vigilance and

effective preventive measures to mitigate food contamination by S. aureus spp. (Chaves et al.



276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

111

2018; Chaves et al. 2022). Furthermore, cases of food poisoning in South Korea associated with
the consumption of food at a buffet, evidence of the often food handler-linked origin of
contamination, emphasizing the importance of hygiene and sanitary control (Park et al. 2020).
These cases underscore the critical importance of surveillance and appropriate preventive
measures in mitigating the food contamination attributed to S. aureus, ultimately safeguarding

public health.

3. Enterotoxigenic Staphylococci aureus and their toxins

Enterotoxigenic staphylococci, predominantly coagulase-positive staphylococci, are
known for producing enterotoxins that can cause diseases in humans. Among the various
diseases caused by this pathogen, SFP is particularly relevant. SFP is caused by the ingestion
of food contaminated with adequate amounts of SEs secreted by certain pathogenic strains of
S. aureus and, occasionally, coagulase-negative staphylococci carrying enterotoxin genes
(Berry et al. 2022; Homsombat et al. 2021; Suzuki et al. 2020).

SFP manifests rapidly with symptoms such as gastroenteritis with diarrhea, fever,
vomiting, and abdominal pain, occurring 30 min to 8 hours after consuming contaminated food
(Alghizzi and Shami 2023; Kansaen et al. 2023). It results from ingesting toxins produced by
strains of S. aureus present in contaminated food. The severity of the clinical condition can vary
according to the individual's degree of susceptibility, concentration, and the amount consumed
in food (Bencardino, Amagliani, and Brandi 2021; Cavaiuolo et al. 2023).

The dose of SEs required to cause SFP varies considerably among individuals, depending
on their susceptibility and other factors (Abolghait et al., 2020). According to the FDA, the
toxic dose of SE is less than 1.0 ng, achievable when the count of S. aureus is reached when its

population exceeds 100,000 organisms/g or mL in food (FDA 2012). However, some authors
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reported that doses around 20-100 ng caused food poisoning, reinforcing the need for strict
control measures to limit the presence of this pathogen in foods and ensure consumer safety
(Cai et al. 2023; Wan et al.2023).

Often, cases of SFP are underreported and can be confused with diseases caused by other
foodborne pathogens due to the similarity of symptoms (FDA, 2012). The enterotoxigenic
capacity has also been identified in S. argenteus, a new species of CPS, highlighting its role as
a foodborne pathogen in Europe and Brazil (Cavaiuolo et al. 2023; Rossi et al. 2020). Moreover,
coagulase-negative staphylococci, such as S. sciuri, S. lentus and S. cohnii ssp. cohnii, have
also been reported as producers of enterotoxins, despite not producing coagulase, expressing
virulence factors that qualify them as opportunistic pathogens. These microorganisms can form
biofilms, facilitating the colonization of surfaces and contributing to their pathogenicity
(Chaves et al. 2018; Kansaen et al. 2023). This diversity of staphylococci capable of producing
enterotoxins underscores the need for surveillance and strict control measures to prevent food
contamination and protect public health.

Research conducted in the East Java region of Indonesia highlighted the widespread
dissemination of Staphylococcus genera, both coagulase-positive and harmful strains, in
agricultural environments. The presence of these pathogens in cow's milk and in the hands of
farmers underscores the widespread dissemination of these microorganisms in agriculture-
related environments. The discovery emphasizes the importance of rigorous hygiene practices
in preventing food contamination and ensuring food safety (Khairullah et al. 2023).

The global relevance of S. aureus as a causative agent of food poisoning is evidenced by
documented outbreaks in various countries (Table 1). Notable incidents include an outbreak in
a nursing home in Osaka, Japan, in May 2016, an event at a Korean festival in 2018, and a
significant outbreak in a school in the Ninh Binh province, Vietnam, in 2018 (Umeda et al.

2021; Park et al. 2020; Le et al. 2021). The analysis of the mentioned outbreaks demonstrates
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the risk of enterotoxigenic S. aureus in food environments and the need for ongoing surveillance
and strict control measures. These incidents underline the challenges in managing foodborne
outbreaks and stress the necessity of hygiene practices throughout the food production and
distribution. Consequently, it is crucial to implement strategies against S. aureus, involving
better agricultural and food processing methods to reduce pathogen exposure and developing
public health policies for effective surveillance and quick outbreak responses. Integrating
scientific research with policy and food safety practices is critical to mitigating these pathogens'
risks and ensuring global food safety.

[Table 1 near here]

SEs demonstrate remarkable resistance to extreme conditions, including high
temperatures, proteolytic enzymes, and varied pH levels. Furthermore, they are relative to the
general sterilization method (100 °C, 30 min), making heat treatment ineffective in destroying
these toxins once produced (Abolghait et al. 2020; Bencardino, Amagliani, and Brandi 2021;
Grispoldi et al. 2021; Kansaen et al. 2023; Li et al. 2022a; Wan et al. 2023).

A detailed understanding of the relationship between the growth of S. aureus and its
ability to produce enterotoxins is essential for assessing and mitigating food safety risks. Table
2 summarizes critical findings from recent studies, highlighting the impact of environmental
variables such as temperature, pH, water activity (aw), and salinity, including the presence of

sodium chloride (NaCl), on the regulation of these biological processes.

[Table 2 near here]

It is evident that temperature plays a crucial role in toxin production dynamics, with SEA

production significantly higher at 25°C compared to 8°C after 16 hours. Moreover, optimal

environmental conditions, characterized by a pH above 5.0, a water activity (aw) above 0.86,
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and temperatures above 15°C, promote increased expression of the SEA and SEB toxins
(Homsombat et al. 2021; Ding et al. 2016). The remarkable ability of these toxins to resist high
temperatures illustrates the importance of thermal stability and refolding capability under
certain pH conditions (Necidova et al. 2019).

The variable sensitivity of enterotoxins to enzymatic digestion and thermal treatment adds
another layer of complexity to the challenge of neutralizing them. For example, SEB (SE02)
demonstrates significant reduction and complete inhibition when exposed to heating (100 °C)
and digestion by pepsin, respectively (Suzuki et al. 2020). The analysis of the thermal stability
of SEA, SEB, and SEH using Differential Scanning Calorimetry (DSC) revealed the critical
influence of pH and ionic strength of foods in designing effective thermal inactivation methods
(Berry et al. 2022). Predictive models play a crucial role in this context, employing
environmental variables such as pH, aw, and temperature to estimate the toxigenic expression
of S. aureus. The logistic regression model exemplifies this approach, while innovative
techniques, including artificial neural networks, enhance the accuracy of predictions for various
food products, thus contributing to food safety (Cai et al. 2023; Ding et al. 2016; Gunvig et al.
2018).

In summary, effective prevention of S. aureus contamination and ensuring food safety
require the implementation of strict hygiene practices at all stages of food production and
processing, as well as control strategies adapted to the resistance and variability of

staphylococcal enterotoxins.

3.1 Characterization of Staphylococcal Enterotoxins
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SEs are classified within the family of pyrogenic toxins and are known for their potent
superantigenic activity, which can induce immunosuppression and promote nonspecific
proliferation of T cells (Abolghait et al. 2020).

The nomenclature rules established by the International Committee on the Nomenclature
of Staphylococcal Superantigens (INCSSN) differentiate classic SEs from staphylococcal
enterotoxin-like toxins (SEIls), based on their emetic potential (Lina et al. 2004). Theretofore,
twenty-eight SEs and SEIs have been categorized into toxins with confirmed emetic activity
(SEA, SEB, SEC, SED, SEE, SEG, SEH, SEI, SEIK, SEIL, SEIM, SEIN, SEIO, SEIP, SEIQ,
SER, SES, and SET) and those without confirmed emetic activity or that have not yet been
approved or tested (SEIJ, SEIU, SEIV, SEIX, SEIW, SEIZ, SEI26, SEI27, SEI01, and SEI02)
(Umeda et al. 2021; Suzuki et al. 2020). Toxins with recognized emetic capability include SEA,
SEB, SEC, SED, and SEE (classic enterotoxins), responsible for approximately 95% of all cases
of staphylococcal food poisoning (Bencardino, Amagliani, and Brandi 2021; Berry et al. 2022).
The only exception to this rule is the Toxic Shock Syndrome Toxin-1 (TSST-1), named initially
SEF (Bencardino, Amagliani, and Brandi 2021; Fischer, Otto, and Cheung 2018; Suzuki et al.
2020; Umeda et al. 2021; Zhang et al. 2018). Notably, SEs are heat-stable, resisting
temperatures and cooking times typical in domestic and industrial environments.

These toxins are part of a superfamily that shares structural and functional similarities,
consisting of non-glycosylated globular proteins of low molecular weight (19 to 29 kDa) and
superantigen activity (Abolghait et al. 2020; Fischer, Otto, and Cheung 2018; Wan et al. 2023).
The genes encoding SEs and SEls are found in various mobile genetic elements, such as
genomic islands, prophages, plasmids, and transposons, facilitating their horizontal transfer
among bacterial strains (Bencardino, Amagliani, and Brandi 2021; Grispoldi et al. 2021). These
characteristics combined make SEs category B bioterrorism agents by several US federal

agencies (Berry et al. 2022; Fischer, Otto, and Cheung 2018). The main characteristics of
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staphylococcal enterotoxins, including the locations of the SE/SEI genes and their biological

properties, are detailed in Table 3.

[Table 3 near here]

In addition to structural diversity, SEs are classified into different variants, such as SEs
C, which are subdivided into SEC1, SEC2, and SEC3, based on their sequence identity
similarity (Berry et al. 2022; Chaves et al. 2018). The enterotoxin SE02 was recently identified
and isolated from two strains of S. aureus (Tokyol2480 and Tokyo012482) related to an
outbreak in Tokyo (Suzuki et al. 2020). The genes responsible for encoding the enterotoxins
are predominantly found in various mobile genetic elements, contributing to the significant
variability of SEs among isolates of S. aureus (Abolghait et al. 2020; Fischer, Otto, and Cheung
2018). Recent research has also revealed that new toxins, similar to SEs, including SEIK, SEIL,
SEIM, SEIN, SEIO, SEIP, and SEIQ, can induce emetic reactions in animal models, such as
monkeys, playing a potential role in staphylococcal food poisonings. However, higher doses,
about 100 pg/kg, are required to trigger such effects (Zhang et al. 2018).

Recently, enterotoxin-like toxins, specifically SEI26 and SEI27, have been identified in
Staphylococcus argenteus and Staphylococcus schweitzeri, marking the discovery of new
species closely related to S. aureus (Zhang et al. 2018). The genetic diversity and the emergence
of new toxins in S. aureus isolates expand understanding of the genetic diversity within the
Staphylococcus genus and highlight the constant evolution of these microorganisms.

Heretofore, worldwide records of the prevalence of SEs in food contaminated by
Staphylococcus spp. are not available. Several studies on the subject, including reports of
possible outbreaks involving these bacteria, have indicated the predominance of food outbreaks

by classic SEs (Abolghait et al. 2020; Le et al. 2021; Li et al. 2022b; Park et al.2020; Pereira et
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al. 2022). Freitas et al. (2018) highlighted the significant detection of Staphylococcal
Enterotoxin D (SED) on the hands of workers in institutional and home kitchens and in their
nostrils, reinforcing the need for rigorous hygiene practices. Moreover, recent investigations
have revealed that new SEs and their associated genes have been identified in strains of S.
aureus involved in food poisonings, suggesting an increasing role of these emerging toxins in
outbreaks (Li et al. 2022a; Park et al. 2020; Umeda et al. 2021).

A study conducted by Li et al. (2022a) in Jilin, China, analyzed samples from retail foods
and foodborne outbreaks, isolating S. aureus strains that carried enterotoxin genes, including
both classic and new SEs. This study revealed a notable distribution of SE genes among the
isolates, with a significant percentage carrying genes for SEA (40/125, 32%), SEE (36/125,
28.8%), SEC (29/125, 23.2%), SEIL (29/125, 23.2%), SEB (25/125, 20%), SEH (22/125,
17.6%), SED (6/125, 4.8%), SEIQ (6/125, 4.8%), and SEIK (6/125, 4.8%). These findings point
to the importance of considering both classic and new SEs as potential causes of food poisoning
outbreaks (Table 1), highlighting the ongoing need for surveillance and prevention measures

adapted to the evolving toxigenicity profile of S. aureus.

3.2 Challenges and advances in the detection of S. aureus and its enterotoxins

The detection of S. aureus and its SEs is crucial for diagnosing SFP. Criteria for
confirming the diagnosis of SFP include the detection of SEs in food debris, the isolation of the
same strain of S. aureus from clinical patient specimens (vomit and stool) and food debris, and
the recovery of greater than 10° CFU/g of CPS, and the identification of S. aureus from food
remains (Cai et al.2023; FDA 2012).

Despite the critical importance of this detection for public health, identifying SEs in foods

presents challenges and is commonly performed in reference laboratories or specialized
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research institutes (Freitas et al. 2023). Currently, only the first discovered enterotoxins (SEA
to SEE) are routinely detectable by commercial kits (Cavaiuolo et al. 2023). There is a growing
demand for advanced diagnostic methods that identify S. aureus and its SEs, including new
variants, to ensure food safety and public health (Chen et al. 2022b; Zaher et al. 2023).

To ensure food safety and protect consumer health, minimizing the risk of SFP in the
European Union, Regulation (EC) No 2073/2005, issued by the European Commission in 2005,
establishes specific criteria for the detection of SE and the enumeration of coagulase-positive
staphylococci in products like cheeses, powdered milk, and whey powder. In the Brazilian
context, ANVISA set requirements for SE identification through the Collegiate Board
Resolution (RDC) No. 724/2022 and the Normative Instruction (IN) No. 161/2022, specifying
that the detection limit for SEs must be no more than 1 ng/g in food categories such as milk and
derivatives, dairy supplements, and ready-to-eat foods (Brazil 2022a; Brazil 2022b). This
measure reinforces compliance with international food safety standards and highlights Brazil's
commitment to ensuring the integrity of foods available to consumers.

Current challenges in food safety related to S. aureus include difficult diagnosis,
underreporting, and antimicrobial resistance (Freitas et al. 2023; Mestrovic et al. 2022; Oniciuc
et al. 2017). These issues were highlighted in a recent systematic review focusing on the
prevalence and types of SEs in foods. The review indicated significant gaps in surveillance
protocols and medical, epidemiological, and laboratory standards adherence. Often, the brief
duration of illnesses caused by these toxins leads to reduced seeking of medical care,
exacerbating the problem of underreporting (Freitas et al. 2023). This reality underscores the
urgent need to improve communication between the medical, veterinary, and agri-food
industries and consumers, adopting the integrated "One Health" approach that considers all
aspects of the food chain (Oniciuc et al. 2017). The precise and rapid detection of S. aureus and

its enterotoxins is essential to ensure safe food and preserve public health (Chen et al. 2022b).
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3.2.1 Traditional and advanced methods for S. aureus detection

The detection and identification of S. aureus have traditionally relied on conventional
laboratory techniques. Among these, bacterial culture stands out as the gold standard method,
complemented by the coagulase test and biochemical assays for accurate identification
(Cavaiuolo et al. 2023; Petrucci et al. 2021; Hameed, Xie and Lee 2018; Shrivastava, Lee, and
Lee 2018). Innovations in culture procedures, such as the development of chromogenic agars,
have improved sensitivity and specificity, simplifying detection by eliminating the need for
screening additives (Petrucci et al. 2021). However, these traditional approaches are notably
slow and laborious, yet more accurate and reliable than modern detection techniques,
encouraging research into faster and more efficient methods. By doing so, scientists can achieve
better outcomes (Hameed, Xie, and Lee 2018).

In recent years, advanced and promising techniques have emerged that operate
independently of microbiological cultures, aimed at the rapid and automated detection of S.
aureus. The Enzyme-Linked Immunosorbent Assay (ELISA) and Polymerase Chain Reaction
(PCR) are particularly notable for allowing the specific detection of S. aureus antigens and
bacterial DNA, respectively (Cavaiuolo et al. 2023; Chen et al. 2022b; Grispoldi et al. 2021;
Hameed, Xie, and Lee 2018). Furthermore, methods such as immunochromatographic assays
and matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-
TOF-MS) offer advantages in speed and specificity. However, they face challenges in terms of
complexity, costs, and the requirement for technical specialization (Chen et al. 2022b; Wu et
al. 2023).

Flow cytometry and fluorescent assays, especially those employing nanomaterials, are
significant advancements, offering high sensitivity and reduced cost. However, complex

samples can challenge these techniques' specificity, raising concerns about potential false
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positives (Hameed, xie, and Lee 2018; Wu et al. 2023). The exploration of in situ technologies,
including smartphones and portable microscopy, indicates a promising path for rapid and
accessible detections. Still, the reliability of these innovative approaches can be compromised
by the interference of substances present in complex samples (Shrivastava, Lee and Lee 2018).

The evolution in detecting S. aureus reflects a transition from traditional methods to faster
and technologically advanced strategies. Selecting the most suitable method requires a balance
between accuracy, speed, cost, and the capability for in situ detection. While progressive
methods promise significant advancements, the barriers of complexity and cost remain
substantial. The future trend in food pathogen detection will likely focus on developing
techniques that combine sensitivity, specificity, rapidity, and portability, aiming for innovative
solutions in food safety. Advances, especially in advanced methods, stand out for their ability
to provide rapid, accurate, and quantitative detections, crucial for preventing outbreaks of

foodborne diseases and protecting public health.

3.2.2 Traditional and advanced methods for the detection of SEs

The conclusive identification of SFP requires the detection of SEs in food or the recovery
of, at a minimum, 105 CFU per gram or milliliter of S. aureus in food samples (FDA 2012).
Initially, biological assays were implemented as pioneering methods for identifying SEs.
However, variability in the sensitivity of the tested organisms, the lack of specificity, limited
practicality, and ethical concerns associated with the use of animal models have rendered these
techniques inadequate for the effective confirmation of SFP (Wu et al. 2016).

With technological advances in diagnostic methods, the implementation of serological
tests, including latex agglutination and double immunodiffusion assays in gel, marked a

significant advancement, based on antigen-antibody interactions (Féraudet Tarisse et al. 2021).
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However, the contemporary era has witnessed the advent of advanced molecular biology
techniques, with PCR standing out for its high sensitivity and precision, even in samples with
low concentrations of microorganisms. Despite these benefits, PCR faces limitations, such as
the need for prior isolation of staphylococcal strains from foods and the focus solely on DNA
analysis, without providing information on the expression of enterotoxins in consumed foods.
Additionally, routine implementation of PCR can be costly and complex, requiring highly
specialized operators to conduct it (Féraudet Tarisse et al. 2021; Shalaby et al. 2023; Wu et al.
2016).

Instrumental methods, such as high-performance liquid chromatography and mass
spectrometry, offer detailed analyses of analytes, based on molecular weights or primary amino
acid sequences, with notable advantages including the elimination of preliminary toxin isolation
steps and the capability for quantification with lower detection limits (Féraudet Tarisse et al.
2021; Shalaby et al. 2023; Wu et al. 2016). However, despite their promise, these techniques
face challenges such as interferences in complex matrices, high costs, limited sample processing
capacity, and the need for highly specialized personnel (Wu et al. 2016).

Notably, the ELISA method stands out as one of the most effective and widely used
techniques for the detection of SEs, due to its speed, sensitivity, and ability to process numerous
samples simultaneously. This method, based on the use of specific antibodies, whether
polyclonal or monoclonal, for toxin identification, has established itself as the dominant
approach in the field, also benefiting from the availability of specialized commercial kits
(Féraudet Tarisse et al. 2021; Grispoldi et al. 2021; Li et al. 2022; Zhang et al. 2018; Umeda et
al. 2021). The detection of "non-classical” SE variants in S. aureus isolates derived from food
poisoning underscores the need for new detection methods, as these kits do not cover all SE
variants (Li et al. 2022a; Zhang et al. 2018; Umeda et al. 2021). Consequently, the demand for

highly sensitive, specific, and rapid immunological assays has driven the enhancement of
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immunoassay techniques, including monoplex and multiplex lateral flow immunoassays based
on the sandwich ELISA, which stand out for their robustness, ease of use, superior performance,
cost-effectiveness, and speed, eliminating the need for specialized technical infrastructure for
their operation (Féraudet Tarisse et al. 2021; Umeda et al. 2021).

Although immunoassays represent a reliable platform for the detection of SEs, featuring
high sensitivity, a broad linear detection range, and practicality, the quality of the employed
antibodies plays a critical role. Generating antibodies through animal immunization procedures
can be an extensive and costly process. Moreover, the produced antibodies may exhibit
instability and susceptibility to post-translational modifications, which can limit their
applicability in certain applications (Wu et al. 2016). Concurrently, aptamers emerge as viable
alternatives in the detection of staphylococcal enterotoxins, surpassing traditional antibodies in
terms of affinity and specificity. Selected through in vitro techniques, such as SELEX, these
single-stranded oligonucleotides (DNA or RNA) offer advantages such as ease of synthesis,
modification, and enhanced stability, enabling in situ applications (Wu et al. 2016).

This advancement in the detection of SEs reflects ongoing progress in the field of food
science and microbiology, where precision, speed, and specificity are essential for ensuring
food safety and public health. As new methods are developed and refined, more efficient and
comprehensive detection of SEs is expected, thereby contributing to the prevention of food

poisoning outbreaks and the improvement of food control and surveillance strategies.

4. Antimicrobial-resistant S. aureus: focus on Methicillin Resistance in Foods

MRSA is an infectious agent of interest to global public health, initially described as an
agent of nosocomial infections. However, MRSA is currently associated with foodborne illness
(FBD) and has been identified by the WHO as one of the high-priority antimicrobial resistance

pathogens (Abolghait et al. 2020; Cavaiuolo et al. 2023; Li et al. 2022a).
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According to the literature, MRSA has been classified into three groups: healthcare-
associated MRSA (HA-MRSA), community-associated MRSA (CA-MRSA), and livestock-
associated MRSA (LA-MRSA) (Abolghait et al. 2020; Li et al. 2022b; Wu et al. 2022). Clinical
manifestations of MRSA infection include light to several symptoms, since skin infections until
septicemia and toxic shock (Shoaib et al. 2023), and CA-MRSA causes less severe infections
in animals and humans as compared to HA-MRSA (David and Daum 2010). However, not
necessarily a MRSA strain causes more serious illnesses than a regular S. aureus (Shoaib et al.
2023); some factors in the hostesses contribute to the illness gravity, like age, health status,
body condition score, hygiene conditions and long-term antibiotic therapy (Shoaib et al. 2020).
Besides, the crescent resistance of MRSA to a lot of antibiotics raises concerns among the
scientific community.

Methicillin resistance is conferred by the presence of the mecA gene (or its homolog
mecC) that encodes a penicillin-binding protein (PBP), PBP2a, with low activity for -lactam
antibiotics and regulatory genes (Alghizzi and Shame 2023; Kansaen et al. 2023; Shoaib et al.
2023; Silva et al. 2020). PBP2a proteins encoded by mecA and PBP2c proteins encoded by
mecC have functional differences in drug affinity (Silva et al. 2020).

In 2019, MRSA alone accounted for over 100,000 deaths. This same research predicts
that globally, 204 nations will witness a total of 4.95 million deaths associated with antibiotic
resistance and 1.27 million attributed deaths in the same year (Mestrovic et al. 2022).
Furthermore, the number of deaths from MRSA across all age groups, attributable to antibiotic
resistance, was analyzed in super-regions by the Global Burden of Disease (GBD), led by the
Institute for Health Metrics and Evaluation (IHME) in 2019. These MRSA-related deaths,
associated with antibiotic resistance, were higher in the super-region of Southeast Asia, East

Asia, and Oceania, while fewer were observed in the super-region of Central Europe, Eastern
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Europe, and Central Asia, as illustrated in Figure 3. These data underscore the urgency of
addressing antibiotic resistance on a global scale (Ikuta et al. 2022).

[Figure 3 near here]

The urgency of addressing antibiotic resistance on a global scale is further underscored
by the ability of MRSA to form biofilm. Like other staphylococcal strains, this intrinsic ability
(an important virulence factor) on biotic and abiotic surfaces is highly regulated by complex
genetic factors (Kansaen et al. 2023); this allows S. aureus to colonize different surfaces,
enabling its spread, while increase the risk of cross-contamination between surfaces, food, and
humans (Silva et al. 2020). MRSA strains have recently been isolated in a lot of animals
involved in food production processes, including cattle and sheep carcasses (Zaher et al. 2023),
chicken meat and offal (Abolghait et al. 2020), meat and associated food products (Li et al.
2022Db), cow milk (Khairullah et al. 2023; Lodhi et al. 2021; Tuncay and Sancak 2023), as well
as in farmers and slaughterhouse workers (Khairullah et al. 2023; Zaher et al. 2023). Tracing
strain origins is challenging due to the high prevalence of S. aureus in different environments
and food.

Direct contact between humans and animals, exposure to environmental sources
contaminated with livestock production residues, and, especially, the consumption of animal-
derived foods are considered potential sources of MRSA transmission to humans originating
through the food chain (Avila-Nova et al. 2021). A recent study revealed a notable prevalence
of MRSA, with a contamination rate of manual swab samples from slaughterhouse workers in
the provinces of Egypt reaching 29.4%. Additionally, the study identified MRSA prevalences
in human feces (40%), followed by beef (35%) and sheep meat (26.6%) (Zaher et al. 2023).
The spread of MRSA infections in food animals was initially thought to be slower, but now it’s
becoming a serious problem for food industries too (Shoaib et al. 2023); when you add high

transmissibility to a resistant, biofilm-forming pathogen, capable of being transmitted on a large
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scale through food, a serious safety problem arises, and that must be solved through the
application of safety process standards.

In their investigation, Tuncay and Sancak (2023) characterized strains of S. aureus
circulating in raw milk obtained from the Van province, Turkey. It was determined that only 2
out of the isolates harbored the mecA gene. Notably, all obtained isolates (100%) exhibited
resistance to both penicillin G and cefoxitin. Similarly, another study investigated the
prevalence of S. aureus and MRSA in dairy products. Of the 141 samples of dairy products
collected, 26% were positive for S. aureus and 14% of the S. aureus isolates were MRSA
(Avila-Nova et al. 2021). Another study investigated the prevalence and enterotoxicity of
MRSA in broiler meat and offal. Most MRSA isolates (75%, 6/8) contained the SEB gene (seb)
(Abolghait et al. 2020).

A four-year follow-up study investigated the antimicrobial resistance profile and
molecular characteristics of LA-MRSA from animal farms and pork markets in China. A total
of 1667 samples were collected from different farms from 2013 to 2016. S. aureus was detected
in a proportion of 3.7% (n = 62) and 18 isolates were identified as MRSA with the presence of
mecA and mecC genes. All S. aureus isolates resisted penicillin and ampicillin, but it’s crucial
to highlight that cefoxitin is the reference antimicrobial for detecting phenotypic resistance in
MRSA strains (Li et al. 2022b).

Another strain of MRSA was isolated in China in 2015 from a sample of frozen dumplings
resistant to more than 18 antibiotics: florfenicol, chloramphenicol, clindamycin, tiamulin,
erythromycin, ampicillin, cefepime, ceftazidime, kanamycin, streptomycin, tetracycline,
trimethoprim-sulfamethoxazole and linezolid (Zhang et al. 2022b). Similarly, 12 genetically
diverse strains of S. aureus isolated from ready-to-eat foods in Algiers, Algeria, have been
confirmed to be resistant to antibiotics such as ofloxacin, erythromycin, lincomycin,

tetracycline and kanamycin (Fanelli et al. 2022). On the American continent, the first report of
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LA-MRSA containing mecC variants from several sources (milk, milker hands, and milking
utensils), was reported by Silva et al. (2020). In this study, the authors reported a genomic trait
of B-lactam resistance. In silico analysis identified homologous mecC genes associated with
different PBP. Toxicity analysis revealed that this strain contained the gene encoding SEA. The
authors conclude that detecting the same MRSA mecC clone from different sources suggests
that new multidrug-resistant substances may circulate within herd environments and among
people in close contact with animals. The ability to acquire antimicrobial resistance
mechanisms is concerning (Silva, Rodrigues, and Silva 2019).

These studies provide insight into the role of antibiotic overuse in animal production, and

the presence of LA-MRSA in raw milk and dairy products underscores the importance of
addressing potential transmission routes to humans. Contamination during food handling and
individuals carrying the pathogen further highlights the significance of hygiene practices.
The first case of food-borne MRSA infection occurred in the Netherlands in 1995, resulting
from a hospital outbreak of MRSA due to the ingestion of contaminated food by patients
admitted to the Erasmus Medical Center in Rotterdam. One patient developed severe sepsis and
died. In the study, S. aureus was isolated from the oropharynx of food handlers and served
foods (Kluytmans et al. 1995). Therefore, MRSA is no longer just a nosocomial pathogen. In
addition to the MRSA outbreak in the Netherlands in 1995, there have been other outbreaks of
foodborne MRSA in different parts of the world. This suggests that the epidemiology of MRSA
has changed with the emergence of CA-MRSA strains worldwide.

The first reported community-based outbreak of CA-MRSA gastrointestinal illness
happened in Tennessee (USA), affecting three members of the same family, and caused by
eating barbecue pulled pork and cabbage salad. Contaminated cabbage salad from an
asymptomatic food handler was the source of MRSA. All family members who ate the food

within 30 minutes of purchase from a deli developed gastrointestinal symptoms. Stool samples
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from sick family members and S. aureus isolates obtained from cabbage salad and food preparer
nasal swabs were identical. Strains implicated in the outbreak produced SEC and were
identified as MRSA (Jones et al. 2002). In 2007, 178 CPS isolates were recovered from 31 SFP
outbreaks in France, of which two strains of S. aureus were methicillin-resistant (Kérouanton
et al. 2007).

Several methods for phenotypic or genotypic identification of MRSA strains are usually
combined. Using the standard Kirby-Bauer disk diffusion method to determine susceptibility to
antimicrobials (Silva, Rodrigues, and Silva 2019). Furthermore, proteomic techniques like as
MALDI-TOF-MS and PCR are widely used to screen for MRSA (Chen et al. 2022b).

The aforementioned studies show evidences that although the prevalence of antimicrobial
resistance and MRSA in food is low, MRSA may also be involved in SFP and represent a
potential risk to human health, and deserves attention. In this way, follow sanitary laws and
biosecurity protocols is essential to every food service, aiming to reduce potential sources and
food contamination.

5. Emerging Trends in the Control and Inactivation of S. aureus in Food

5.1 Challenges in controlling S. aureus using conventional and unconventional approaches

S. aureus continues to be an important foodborne pathogen that poses challenges to food
safety. Its ability to acquire resistance makes it even more difficult to combat. Factors that
influence the control and successful inactivation of S. aureus and its toxins include the presence
of complex regulatory networks, structural differences in the cell envelope, the existence of
gene expression and the ability to secrete a variety of virulence factors and invasive enzymes
(Abolghait et al. 2020; Chen et al. 2022a; Chen et al. 2022b; Freitas et al. 2023; Kansaen et al.

2023; Li et al. 2022a; Shoaib et al. 2023). These factors may contribute to its high pathogenicity
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and are one of the reasons why antimicrobial resistance poses major challenges for clinical
management and infection control (Zhao et al. 2022). Furthermore, its ability to form biofilms
IS @ major issue in the food industry. Cleaning with chemical disinfectants and high-pressure
washing is commonly used for control. However, the effectiveness of conventional cleaning is
relatively low, mainly attributed to strong biofilm adhesion on food contact surfaces and low
penetration of disinfectants into the structure of the biofilm (Yu et al. 2021).

Effective control and inactivation of S. aureus strains and their toxins are essential to
ensure food safety and protect public health. To prevent food contamination by S. aureus, it is
imperative to implement comprehensive surveillance throughout the food chain, incorporating
continuous monitoring and the adoption of Good Production and Handling Practices. It is
crucial to develop guidelines and programs that prevent the extended use of antibiotics,
avoiding antimicrobial resistance (Zaher et al. 2023).

5.2. Conventional Heat Treatment (CHT)

Thermal processing is widely used in the food industry to inactivate microorganisms,
representing one of the most effective to control S. aureus (Shao et al. 2021). Although heat is
efficient in inactivating the pathogen, it's crucial to acknowledge the heat resistance of the
enterotoxins produced by S. aureus. Effective toxin inactivation, without compromising food
quality, requires heating the food to a specific temperature for a certain period (Pereira et al.
2022). However, the heat resistance of the enterotoxins suggests the need for complementary
approaches beyond heating.

For thermal treatments, two critical parameters are applied in food processing, including
decimal reduction time (DT) and the thermal coefficient (z). The DT is the in minutes or
equivalent necessary for a logarithmic reduction in the microbial population at a given

temperature (T), and z represents the temperature difference necessary for reducing a
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logarithmic unit in the value of DT (Stumbo 1973). These parameters help optimize the thermal
process, ensuring pathogen inactivation while seeking to preserve the desirable characteristics
of the food.

Although conventional heat treatment is the most used in the food industry and shows
efficacy on microbial inactivation, it can result in the loss of heat-sensitive nutritional
components and sensory quality of foods and produce chemical residues (Allai et al. 2023; Dai
et al. 2020; Rocha-Pimienta et al. 2020). Furthermore, conventional hot air, hot water, and
steam have disadvantages such as long treatment times for large volume samples, and samples

treated by hot water or steam may have to be dried again before storage (Gao et al. 2023).

5.3. Alternatives approaches to CHT

5.3.1. Natural Antimicrobials

An alternative to thermal treatments, natural antimicrobials can be effective in inhibiting
and controlling S. aureus. Several products of natural origin have been described as alternative
antimicrobials for the control of foodborne pathogen including bacteriocins, monoterpene rich
essential oils, curcumin, phenolics and protein extracts, and other others (Nisa et al. 2023;
Bezerra et al, 2022; Ramon-Sierra et al, 2020; Li et al, 2020).

In this context, Li et al. (2022c) described the antimicrobial activity of clove essential oil
against S. aureus in pork. The results showed a morphological damage and intracellular
components leakage in S. aureus cells yielded by essential oils. At the metabolic level, clove
essential oil significantly inhibited the respiratory metabolism of S. aureus and SEA expression
decreased by approximately 82.97%. The antimicrobial activity of eugenol against the

tetracycline-resistant strain 1S-58 of S. aureus and its toxicity in Drosophila melanogaster were
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examined in the study conducted by Bezerra et al. (2022). The researchers observed that
eugenol inhibits the function of the TetK efflux pump, which is one of the major contributors
to antimicrobial resistance in bacteria. Furthermore, toxicity tests in Drosophila melanogaster
suggest that eugenol may exhibit safety for human use. Many other studies demonstrate that
essential oils and volatile compounds are interesting for controlling S. aureus, but practical
application or in food encounters limitations related to physicochemical, toxicological and
stability properties (Rout et al. 2022).

On the other hand, the antibacterial activity of the bacteriocin LFXO01 produced by
Lactobacillus plantarum LQ80 was evaluated against S. aureus and E. coli in both planktonic
and biofilm states, as well as its efficacy in preventing contamination of these bacteria in pork.
The results demonstrated that LFXO01 effectively inhibited bacteria growth as well as the biofilm
formation, even at low concentrations. Furthermore, LFXO01 successfully prevented the
contamination of S. aureus and E. coli in pork. The study suggests that LFX01 could be a
promising alternative to chemical preservatives in pork products (Xin et al. 2023). Previously,
a bacteriocin (XJS01) from L. salivarius CGMCC2070 was able to inhibit both planktonic and
biofilm states of S. aureus strain 2612:1606BL 1486 isolated from chicken meat at MIC value
of 9.85 pug/mL (Li et al. 2021). In addition, this bacteriocin exhibited good resistance to heat
treatment and antibiofilm properties, where the biofilm formation was significantly inhibited
by XJSO01 bacteriocin at concentrations of 18, 36, and 54 pg/mL.

The antibiofilm activity of bacteriocins produced by lactic acid bacteria makes these natural
compounds promising antimicrobial agents for application in food industry as an alternative
against resistance of biofilm cells, including S. aureus, to conventional sanitizers. Regarding
the antibiofilm properties, it is hypothesized that bacteriocins can be reduce the planktonic cell
population and bacterial attachment on surfaces and/or contribute to biofilm eradication by

inactivating the cells in preformed biofilms (Pang et al. 2022).
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Just like essential oils, the application of bacteriocins as antimicrobials presents certain
important limitations, mainly related to the high cost related to culture media and purification
methods employed and low yields achieved through the processes of production. Moreover,
other factors as stability of these compounds in the food matrix and during processing must also
be considered. Regarding the use for inhibition of S. aureus, more studies are needed to
establish a standardization in terms of concentration to be used and the effectiveness of different

bacteriocins against conventional and resistant strains of S. aureus.

5.3.2. Emerging technologies

Innovative technologies have provided promising solutions for effectively inactivating
S. aureus and its toxins in food. Despite the challenges posed by this foodborne pathogen and
its resistance control, technological advancements hold promise for better control and
containment. Currently, efforts have been made to develop new, more efficient, and sustainable
which maintain foods, organoleptic and nutritional properties, have a low environmental
impact, and are safe and economical (Allai et al. 2023).

Emerging technologies can be classified as non-thermal and thermal. The main emerging
non-thermal technologies are: high hydrostatic pressure (Rocha-Pimienta et al. 2020), cold
atmospheric pressure plasma (Lee et al. 2021), pulsed electric field (Qi et al. 2021; Freire et al.
2021), ozone (Sarron et al. 2021), supercritical fluids (Cristianini et al. 2023), photodynamic
techniques (Li et al. 2020; Sen and Nyokong 2021), ultrasound (Yu et al. 2021; Martinez-
Moreno et al. 2020) and ultraviolet radiation (Cristianini et al. 2023). The emerging thermal
technologies are ohmic heating (Shao et al. 2021) and dielectric heating (microwave heating
and radio frequency heating) (Leong and Oey 2022). Regarding microbial inactivation, the

processing conditions differ among emerging technologies in the food industry. Nevertheless,
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promising results have been observed across all these studies, indicating their potential
application in food processing. The benefits of these technologies are discussed in this section,
and a summary of the results is provided in Table 4. Apart from the positive aspects of the
technologies, the table also addressed the parameters of processes, the disadvantages of each
technique used, and the degree of microbial reduction in each cited study.
[Table 4 near here]

These innovative approaches offer significant advantages over the commonly employed
traditional pasteurization techniques in the food industry (Freire et al. 2021; Li et al. 2020;
Martinez-Moreno et al. 2020; Sem and Nyokong 2021; Sun et al. 2022; Urrutia et al. 2022; Yu
et al. 2021). Non-thermal processing techniques are widely used to enhance food safety while
minimizing the impact on nutritional quality compared to conventional heat treatment methods.
The innovative technologies aim to overcome the limitations of conventional thermal treatment
and preserve the original benefits of treated food products (Allai et al. 2023). The primary
thermal and non-thermal technologies, along with their mechanisms of action, are highlighted
in Figure 4.

[Figure 4 near here]

5.3.2.1. Emerging non-thermal technologies - advantages and challenges

These technologies offer promising prospects as alternatives to conventional thermal
treatment methods, efficiently inactivating S. aureus with a low impact on food quality. They
offer potential advantages in terms of microbial inactivation with minimal impact on food
quality. Together, these techniques can enhance the efficacy of microbial inactivation and

provide a synergistic approach to ensure food safety.
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Photodynamic technology using photosensitizers is an innovative non-thermal treatment
approach widely employed to enhance food safety. In this technique, photosensitizers are
applied to the food and activated by light, leading to the generation of reactive oxygen species
that are highly effective in microbial inactivation (Urrutia et al. 2022). A study conducted by
Li et al. (2020) demonstrated the efficacy of using curcumin as a photosensitizer in combination
with chitosan spray and photodynamic treatment to inactivate S. aureus and its biofilms. The
results showed that the combination of curcumin and photodynamic treatment could effectively
target bacterial cells and S. aureus biofilms. Furthermore, chitosan sprays with curcumin were
shown to be effective in inactivating microorganisms on food equipment surfaces and fresh
products. Another study investigating the enhancement of photodynamic inactivation of S.
aureus using zinc phthalocyanines substituted with Schiff base-conjugated nanoparticles
demonstrated high efficacy against S. aureus. The nanocomposites exhibited excellent
photodynamic antibacterial activity upon light exposure, reducing bacterial growth by 100%
(Sem and Nyokong 2021).

A challenge in using photodynamic technology is that light is generally the limiting factor
given its low penetration depth. This makes inactivating microbial cells hidden below the top
surface a challenge. The physicochemical properties of certain photosensitizers may also reduce
the effectiveness of treatment. Thus, the choice becomes of utmost importance for the success
of the process (Ghate et al. 2019).

Pulsed Electric Field involve the application of short pulses of high-voltage electric fields
aimed at disrupting cell membranes and thus inactivating microorganisms (Freire et al. 2021).
Electric fields have amplitudes in the range of 100-300 V/cm to 20-80 kV/cm and are applied
to foods for short durations (from milliseconds to microseconds). It is widely used in the
processing of liquid foods such as dairy products, eggs, and juices. Furthermore, the treatment

practically has no effects on the sensory and nutritional properties of the foods. To date, the
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exact details about how the pulsed electric field inactivates microorganisms have not yet been
completely elucidated, however, the indications are that there is an increase in permeability and
subsequent rupture of microbial membranes. The main disadvantage of the technology in
question is the initial costs for its installation (Ghoshal 2023).

Plasma can be described as an ionized gas containing reactive oxygen or nitrogen species,
ultraviolet radiation, free radicals and charged particles. When ionized gas is produced through
low energy (1-10 eV) and electron density of up to 1010 cm-3, it is called cold plasma (Laroque
et al. 2022). Foods are exposed to ionized gases at room temperature and atmospheric pressure.
Cold atmospheric pressure plasma generates reactive species that can enter microbial cells and
cause oxidative stress, leading to cell death (Lee et al. 2021). In general, the cold plasma process
has high efficiency at low pH due to partial denaturation of proteins and cell leakage. However,
depending on the composition of the gas used and the length of the process, the treatment can
negatively influence the food components, potentially degrading them. Therefore, more studies
are needed to improve the efficiency of microbial inactivation and minimize adverse effects
(Laroque et al. 2022).

The use of high-pressure in food processing and preservation involves several effects,
including the microbial inactivation through protein denaturation and cell structure rupture
(Rocha-Pimienta et al. 2020). It is considered a cold pasteurization technigue, in which pre-
packaged foods are placed in a container and subjected to high levels of isostatic pressure, in
the range of 300 to 600 MPa (Houska et al. 2022). The effect of high hydrostatic pressure (HHP)
on inactivation of S. aureus sub. aureus and Bacillus cereus in human milk was recently
reported (Rocha-Pimienta et al. 2020). Aiming for maximum bacterial inactivation, processing
should be carried out at pressure intensity of 593.96 MPa for 233 s, that lead to decrease of 5.81

and 6.93 log CFU.mL—1 in S. aureus sub. aureus and vegetative Bacillus cereus, respectively.
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These results suggested that this non-thermal technology could be a useful tool to increase milk
safety in human milk banks.

The pressurized techniques can be used both individually and in combination with heat
to increase the rate of microbial inactivation. The main advantages of high-pressure processing
including rapid and uniform pressure distribution in the food matrix, processing at ambient or
lower temperatures, minimal impact in nutritional or sensory properties of the food. On the
other hand, the main limitations of this technique are related to the high cost of operating the
pressurized system, compatibility of the technique with the food matrix and definition of
parameters that allow microbial inactivation while ensuring the preservation of food quality
(Gokul Nath, Pandiselvam, and Sunil 2023).

Ozonation is a promising technology that has its food disinfection mechanism based on
the redox potential (2.08 eV) and the increase of intracellular reactive oxygen species, causing
metabolic alterations, damage to nucleic acids, and lysis of bacterial cells (Xue et al. 2023). It
is a GRAS (Generally Recognized As Safe) technology, approved by the US Food and Drug
Administration (FDA) as an antimicrobial additive for food contact (Sarron et al. 2021).

The use of ozone Gas, 03(g), has been reported as effectively for disinfection and
sterilization in different fields, including environmental, medical and food sectors (Ofori et al.
2018; Britton et al. 2020; Xue et al. 2023). Recently, a study performed by Taba et al. (2022)
evaluated the inactivation of S. aureus in experimentally contaminated surgical needles, after
submitting them to low pressure, ozone gas, and the combination of these techniques. Among
the results obtained, the authors highlight that an ideal protocol for inactivating S. aureus would
be using low pressure for 30 min and to ozone gas for 30 min with a 60 mgO3/cm2 dosage.

Some advantages of this technique comprises the environmental compatibility due to low
waste generation, short disinfection contact time compared to other methods, no generation of

heat during treatment (which means an advantage for use in heat-sensitive foods). However,



896

897

898

899

900

901

902

903

904

905

906

907

908

909

910

911

912

913

914

915

916

917

918

919

136

there are some limitations: Ozone is corrosive at ppm greater than 4 ppm, its storage is not
possible as it is an unstable gas and decomposes quickly (it must be produced in situ at the place
of use), it requires monitoring to check for possible leaks. When inhaled, it can cause health
problems (Prabha et al. 2015).

Microbial inactivation by supercritical fluids generally occurs by supercritical CO2,
which can modify the intracellular pH of microorganisms and induce protein denaturation and
enzymatic inactivation by altering the conformation of these structures. The diffusion time of
COgz is crucial for the treatment. The microbial inactivation process can be carried out in both
continuous and batch mode, and minimizes the loss of heat-labile compounds, especially in
fruit and vegetable juices, is easy to handle, safe and has a low cost of acquiring critical CO»,
in addition to the possibility of work in coupled mode with other technologies (Cristianini et al.
2023). Something important for implementing supercritical fluid technology is checking
possible chemical changes in food due to the process and identifying the nutritional content of
the food, in order to validate the process (Braga, Gaspar, and Sousa. 2023).

Ultraviolet radiation causes microbial inactivation through the absorption of UV light
incident on the DNA of microorganisms, leading to injuries that impact the replication of their
genetic material. It is generally applied to liquid foods and beverages, in addition to fresh
products. Shortwave radiation (200-280 nm) is the most lethal and could inactivate several
pathogenic bacteria, such as Staphylococcus. UV radiation is energy efficient and cost-effective
when compared to other methods, and minimally affects nutritional and sensory compounds
(Cristianini et al. 2023). However, the method has some restrictions, as shortwave radiation has
limited penetration and therefore it is necessary to ensure that the entire surface of the food is
exposed through rotation or fluidization. Another aspect is the lack of globalized regulatory

approval for broad implementation on an industrial scale (Cristianini et al. 2023).
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Recently, many studies have examined the application of ultrasound technology in
microbial inactivation (Martinez-Moreno et al. 2020; Nascimento et al. 2023; Sun et al. 2021;
Yu et al. 2021). Ultrasound is a form of vibrational energy characterized by acoustic waves
with frequencies above 20 kHz, exhibiting directionality, penetrability, and reflectivity. In the
food industry, ultrasound is often used for food processing, with ultrasonic transducers
producing frequencies ranging from 20 kHz to 10 MHz. This technology is considered
environmentally friendly, highly efficient, non-toxic, and cost-effective (Zhang et al. 2022). It
has been demonstrated that high-intensity ultrasound, with power levels ranging from 1 to 1,000
W/cm?, leads to a faster rate of cavity formation compared to low-intensity ultrasound (<1
W/cm?) (Yu et al. 2021).

Ultrasound technology is a non-destructive, non-thermal, and environmentally friendly
approach widely used in the food industry. However, a major challenge in using ultrasound is
its use in large-scale equipment operations, and treatment with ultrasound alone has shown
limited antibacterial and antibiofilm activity in inactivating bacterial cells (Martinez-Moreno et
al. 2020; Sun et al. 2021; Yu et al. 2021). Therefore, many researchers have been investigating
synergistic inactivation methods to enhance the technique efficiency. Ultrasound can, for
example, be combined with vacuum and heat, with the resulting technique called vacuum
thermosonication (Martinez-Moreno et al. 2020). Moreover, He et al. (2021) described that
combined treatment with ultrasound and photodynamic techniques significantly reduced S.
aureus populations by 3.21-4.51 log CFU/mL. However, after 3, 6, and 9 minutes of sonication,
the S. aureus population decreased from 0.03 to 0.36 log CFU/mL. It is believed that sonication
facilitates the entry of larger photosensitizing agents into the bacterial cell, enhancing their
intrinsic biocidal effect and ultimately leading to cell death. Additionally, it is important to note

that the frequency and power of ultrasound are crucial factors during the treatment.
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5.3.2.2. Emerging thermal technologies - advantages and challenges

Emerging thermal technologies have positive characteristics in providing more uniform,
rapid, and sustainable heating, all with lower costs and environmental impacts. They rely on
the generation of heat directly within the food, the complexity, and inherent properties of the
food in question (Leong and Oey 2022).

Non-ionizing radiation heating (radiofrequency and microwaves) occurs through the
interaction of electromagnetic waves in their frequency ranges with dielectric materials,
providing volumetric heating within the food (Cristianini et al. 2023). Radiofrequency
generates heat inside the samples through the rotation of polar molecules and ionic movements,
resulting in volumetric heating effects. It is capable of penetrating through non-metallic
packaging and allowing contactless heating (Gao et al. 2023). Microwave heating of food
results from the electrical transfer of the electromagnetic field in the device's chamber. Its use
increases production efficiency in the food industry due to reduced heat treatment time and
energy consumption (Guzik et al. 2021). However, due to its longer wavelength, which means
greater depth of penetration, radiofrequency is more suitable for treating large volume samples
than by microwaves and is a technique with the potential to replace conventional heating
methods (Gao et al. 2023).

Thermosonication can also be cited as an interesting approach to microbial inactivation
by combining ultrasound and heat (Martinez-Moreno et al. 2020; Nascimento et al. 2023). It is
an effective method to reduce/eliminate the microbial load in general from foods, including
bacteria, viruses, yeasts, and fungi, for example. Furthermore, it has little impact on the
organoleptic and nutritional characteristics of foods and is a process that requires less
processing time and energy expenditure. Some disadvantages of this approach including high

costs of related to equipment and establishment of process parameters that are suitable for
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bacterial inactivation and that do not cause loss of sensorial and nutritional quality of the food
matrix (Abdulstar, Altemini, and Al-Hilphy 2023). In this sense, Nascimento et al. (2023)
conducted an investigation into the application of thermosonication in dairy products, with a
specific focus on cream, assessing the efficacy of this technique in inactivating MRSA during
slow and fast pasteurization processes. The results revealed that thermosonication was able to
reduce MRSA counts by up to 4.72 log CFU/mL in cream, a result comparable to the 4.82 log
CFU/mL reduction achieved through conventional pasteurization. This study highlighted
thermosonication not only as an energy-efficient alternative but also as adepted of preserving
the microbiological safety of cream with a significant reduction in processing time.

Ohmic heating, also known as Joule heating, is a technology that converts electrical
energy into thermal energy without creating temperature gradients within the product, resulting
in a more uniform heat dissipation throughout the food matrix. This approach prevents
overheating of the food surface, preserving nutrients and sensory attributes (Shao et al. 2021).
Ohmic heating can inactivate bacteria not only through its heating effects, but also through the
non-thermal (physical chemical) effects of the electric current. The chemical effect occurs
through the formation of free radicals, oxygen, hydrogen, hydroxyl, and mineral ions, which
cause the death of microbial cells. The mechanical effect occurs through the rupture of the cell
membrane (Alkanan et al. 2021).

It is a quick and homogeneous treatment, ideal for products sensitive to shear due to the
low flow speed, and which causes minimal nutritional loss. Disadvantages of the method
include the initial cost of ohmic heating systems, higher than that of conventional heating
methods, and the non-effective heating of foods containing fat granules due to non-conduction
due to lack of water and salts. Consequently, pathogenic bacteria present inside the fat granules

are less exposed to heat treatment than bacteria outside the fat particles (Alkanan et al. 2021).
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Although traditional thermal methods are effective in microbial inactivation, they often
adversely affect the nutritional and sensory quality of food products, in addition to presenting
limitations against biofilm structures. Conversely, non-thermal alternatives, including the use
of natural antimicrobials and emerging technologies that do not apply heat, stand out for their
potential to preserve the organoleptic and nutritional characteristics of foods intact. The
selection of the optimal technology must take into account the type of food, the desired qualities
for the final product, operational costs, as well as effectiveness against specific pathogens.
High-value and heat-sensitive foods are ideal candidates for the adoption of these non-thermal
technological innovations. Therefore, an efficient strategy may involve the synergistic
combination of methods, exploiting the complementary advantages of multiple technologies to
achieve effective inactivation of pathogens such as S. aureus, while preserving or even

enhancing the quality and safety of foods.

6. Concluding remarks

This review underscores the significant food safety and public health challenges
posed by S. aureus and its enterotoxins, highlighting the severity of food poisoning from
consuming contaminated foods. The emergence of antimicrobial-resistant strains of S.
aureus further complicates the control and prevention of these infections. Although
proper hygiene practices and temperature control are fundamental measures to minimize
the risk of contamination, technological advancements have provided promising
solutions for the effective inactivation of S. aureus and its toxins in food.

However, despite these advancements, significant challenges remain. The gaps
identified in this review point to the need for ongoing development and enhancement of

innovative techniques to improve the inactivation of S. aureus and its toxins. Specifically,
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the current literature lacks studies detailing the action mechanisms of new technologies
on different strains of S. aureus, particularly those resistant to multiple antimicrobials.
Moreover, there is a dearth of research integrating contamination prevention strategies at
various points in the food production chain, from production to the end consumer.
Therefore, this review emphasizes the importance of continuous surveillance and
the adoption of innovative technologies to control and contain S. aureus and its toxins,
stressing that to advance food safety and protect public health against this persistent
foodborne pathogen, it is crucial to address the identified knowledge gaps and fully
explore the potential of technological advances. Multidisciplinary collaboration among
microbiologists, food technologists, public health professionals, and the food industry
will be key to developing comprehensive control and prevention strategies, aligned with

the complexities of this global health challenge.
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Table 1. Occurrence of foodborne transmission and outbreaks related to Staphylococcus aureus published worldwide.

Country/ Cases /Clinical Vehicle SE detected Infectio Method of detection Reference

Year symptoms us dose

China N/A 4300 (retail SEA and SEH N/A Microbiological Analysis  Zhang et al.
(2011 - foods) Polymerase Chain 2022
2016) Reaction PCR

Whole-genome sequence
France Vomiting, diarrhea, Salad with SEB, SEG and N/A Microbiological Analysis, Cavaiuolo et
(2016-2017)  abdominal pain, nausea  eggplant Grilled SEI Whole-genome sequence al.
cucumber, analysis 2023
Smoked chicken
Vietna 352 children Deep-fried SEA and SEC >0.211 Microbiological and Thi Le et al.
(2018) nausea, vomiting, shrimp chicken ng Molecular Analysis 2021
abdominal pain, and floss
headache
Korea 86 participants/ Rice cakes and  SEA, SEG, SElI, N/A Microbiological na Park et al.
(2018) Vomiting, diarrhea, Food handler SEM, SEN, Phylogenetic analysis 2020
nausea, abdominal pain SEO, SEU, Whole-genome
and chills SAK and sequencing
SEIW In silico molecular typing
Egypt N/A 144 chilled or SEB N/A Microbiological na Abolghait et
(2018) frozen broiler Phylogenetic analysis al. 2020
chicken meat DNA extraction
Brazil N/A Institutional and  SEA and SED 6 ng Microbiological Analysis  Freitas et al.
(2018) domestic PCR 2018
kitchens
hands and

nostrils of the
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China
(2021)

Brazil
(2018)

N/A

N/A

kitchen
personnel

4262 (retail
food), 61 (food
outbreaks)

Food handlers

SEA, SEE, SEC,
SEIL, SEB,
SEH, SED

SEIQ and SEIK
SEA, SEB,
SEC1, SEC5

and SED

N/A Microbiological na
Phylogenetic analysis
Whole-genome
sequencing
N/A Microbiological na
Phylogenetic analysis
PCR

Lietal.
2022

Pereira et al.

2021

Abbreviations:

N/A= not available.
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Table 2. Comparative analysis of production capacity, resistance conditions, and predictive models of Staphylococcal Enterotoxins

Enterotoxin Production capacity Resistance conditions In vivo In vitro Prediction References
effects @ effects® models®
SEA - Higher expression at room -Thermal stability with reduced -UHT milk @ Linear Homsombat et
T (25°C) compared to 8°C  growth rates: - Pasteurized logistic al. 2021 @;
after 16 hours -100°C/3min. (36.8%) milk with regression  Necidova et
- Significant expression at  -110°C/3min. (34.2%) 1.5% fat model @ al. 2019®@
37°C for 24 hours @ -121°C/3min. (31.6%) @ N/A content @ Berry et al.
- Production more likely at Refolding capacity at pH 4.5 in the - (DSC) and 20223
pH > 5.0, aw > 0.86, and T presence of zinc. Biological Ding et al.
>15°C ¥ No refolding at pH 4.5 with activity assays 2016 ¥
irreversible loss of structure © ®
SEB - Higher expression at 24°C - Refolding capacity at pH 4.5 - DSC and Berry et al.
when MRSA reached 7.3 x - Higher residual biological activity biological 2022
103+ 1.2 x 103 CFU/g © at pH 4.5. activity assays N/A Abolghait et
- Affected by ionic strength and N/A &) al. 2020®
elevated pH (pH 5.6) @ - Raw chicken
liver ®
SEB - Higher expression - Reduction after heat treatment: Animal Suzuki et al.
(SE02) observed between 20°C reduction after 1 hour and inhibition models 2020
and 25°C. after 6 hours at 100°C.
- Resistance to enzymatic digestion: N/A N/A
rapidly degraded by pepsin in acidic
pH (acetic acid, pH 4.5), quickly
degraded by trypsin.
SEC Higher expression at room _UHT milk @ Homsombat et
T (25°C) compared to 8°C N/A N/A N/A al. 2021

after 16 hours
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SED - Notable production of SE _UHT milk Chieffi et al.
(47,300 ng/mL and 49,200 N/A N/A - Genomic N/A 2020
ng/mL) at 37°C for 24/48 g
hours © analysis
SEH - Refolding capacity at pH 6.8. - DSC and Berrv et al
N/A - No refolding at pH 4.5 with N/A biological N/A Y '
. . L 2022
irreversible loss of structure. activity assays
SEIX N/A - Resists high T up to 100°C. Animal - Biological
- Resistance to enzymatic digestion:  models activity assays N/A Wan et al.
pepsin at different pH conditions 2023
(4.0 and 4.5)
SEAaSED -T>30°C,pH4.6-6.0 - T: 10-40°C, optimum >30°C. Predictive
- NaCl (2.2-5.6%) and - pH: Inhibition at pH 2.5. model using
NaNO> (0-150 ppm) - Effect of temperature and pH: neural
influence growth and Between T of 35°C and 40°C with - Meat network Gunvia et al
production pH 5.8 and 2.5% WPS + 80 ppm N/A based on g '
; o ! products - 2018
sodium nitrite reduce production. logistic
- Intensification of inhibition: regression
Increase to 150 ppm of sodium
nitrite intensifies inhibition.
General - T (32°C and 44°C) and Predictive
Aw (0.938) affect growth model using
ra;/le_ar_ld Iate_ncy time. N/A N/A - Kazakh artificial Cai et al. 2023
- Minimum inoculum (3.22 cheese neural
log CFU/qg) for enterotoxin network

production.
Legend: DSC: Differential Scanning Calorimetry; aw: Water Activity; T: Temperature
(@) In Vivo: Specific conditions found in studies involving animal models; (b) In Vitro: Specific conditions found in studies involving experimentally contaminated food
categories, in controlled culture media, and biological assays; (c) Prediction Model: Results from simulations or predictive models regarding the stability or resistance of
enterotoxins.Notes: Resistance conditions may vary significantly between different types of foods. This table provides a generalized summary; Some values, such as temperatures
and pH ranges, are presented as intervals or general conditions to reflect variations found in the literature. Abbreviations: N/A= not available.
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SE Sequence Mass  Genetic Element Type Emetic
Length (kDa) activity
SEA 233 27.1 Prophage Classical +
SEB 238 28,4 Chromosome, Classical +
Plasmid
SEC1 nd 27,5 SaPlI Classical +
SEC2 239 27,6 SaPl Classical +
SEC3 239 27,6 SaPlI Classical +
SED nd 26,9 Plasmid Classical +
SEE 206 26,4 Prophage Classical +
SEG 233 27,0 SaPl New +
SEH 214 25,1 Transposon New +
SEI nd 24,9 SaPl New +
SEl nd 28,5 Plasmid New nd
SEIK nd 26,0 Prophage, SaPI New +
SEIL nd 26,0 Prophage, SaPI New +
SEIM nd 24,8 SaPl New +
SEIN 227 26,1 SaPl New +
SEIO nd 26,7 Transposon New +
SEIP nd 27,0 Prophage New +
SEIQ nd 26,0 Prophage, SaPI New +
SEIR nd 27,0 Plasmid New +
SES nd 26,2 Plasmid New +
SET nd 27,1 Plasmid New +
SEIU nd 27,0 SaPl New nd
SEIV nd 27,6 Chromosome New nd
SEIW nd nd SaPI New nd
SEIX nd 19,3 Chromosome New nd
SEIZ nd nd nd New nd

Abbreviations: SE = staphylococcal enterotoxins; SaPl = S. aureus pathogenicity island,;

nd= not demonstrated or unavailable; + = presence of emetic activity.

Source: adapted from Fisher, Otto, Cheung, (2018)
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Table 4. Effect of new technologies (thermal and non-thermal) on the inactivation of S. aureus in biofilm, bacterial suspension, and food

products, as well as advantages and disadvantages

Technology Study  S.aureus Treatment Reduction  Advantages Disadvantages Reference
Matrix  strains Parameters
YU et al.
Ultrasound  Biofilm ATCC 20 kHz,240 W, 421+ -Nonthermal technology -The technique needs 2021
(S. 6538 >20°C, 10 min, 0.10 log -Change in cell structure to be combined to be
aureus) Acoustic pressure: 10 -Effective biofilm detachment  effective.
1.38x10° Pa CFU/cm? -HIU alone may not be
a promising approach
-Bactericidal effect is
very limited even at
high potency
Ultrasound - S.aureus 50 kHz, 800 W 1.14 log -Nonthermal technology -US treatment alone Sunetal.
and Mutton CFU/g/ 60 -The synergistic bactericidal exhibits weak 2021
chlorogenic  was min effect had produced by US and antibacterial and
acid - CA antibiofilm  activities
Biofilm - Changed the morphology of S.  for the inactivation of
S aureus cells cells S. aureus
(S. - Led the leakage of internal
aureus) constituents
- Reduced the concentration of
polysaccharide in biofilms
Ultrasound  Bacteri ATCC 3.33, 5.00, and 6.67 3.21-4.51 -Nonthermal technology -US alone did not Heetal.
and thyme  al 25923 W/mL for 3, 6,and 9 log produce a clear 2021
essential oil  suspens min on a pulsed CFU/mL decrease in the number
ion mode (2s on: 2s off) of S. aureus cells




-The  combined treatment
significantly reduced S. aureus

-Synergistic  effect  causing
physical damage on cell
morphology

-Synergic effect facilitated the
entry of the essential oil into the
bactéria

-Reduction of bacterial
membrane hydrophobicity
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Curcumin
photodyna
mic
technology

High
voltage
electrostatic
field

Biofilm
(S.
aureus)

Mediu
m
plates
and the
surface
of
salmon,
griskin,

ATCC
25923

NCTC
8325-4

25 or 50 pmol/L
curcumin-loaded
chitosan
photosensitizer

Salmon -98.3 + 0.2%
Griskin -98.6 + 0.3%
Cheese -99.8 +
0.1% Sausage - 99.6
+0.1%

(23 kV for 30 min)

5.0 log
CFU/mL

2.29 logs
in the first
11 min,
and

treatments
for an
additional
10 min

-Nonthermal technology
-Avoidance of the development
of resistance
-Absence of
chemical residues
-Suitable for heat-sensitive
foods and materials

undesirable

-Nonthermal technology

-Great antibacterial  effects
against S. aureus on solid
surfaces

-Maintains the organoleptic and
nutritional properties roughly
unchanged

-Low energy consumption

-Low water-solubility
of curcumin
-Inactivation  effects

depends of curcumin
concentration, co-
incubation time and
illumination time

-HVEF and HVAEF
were not effective in
the sterilization on S.
aureus in all the
supporting
environments.

Li et al.
2020

Qietal.
2021
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cheese three kinds of electric  only -High environmental protection
and fields - HVEF, caused a -Economic feasibility
sausage HVAEF and HVPEF reduction
of 0.46
logs
High human CECT 593.96 Mpa/233 s 67 log -Nonthermal technology -However, the agri- Rocha-
hydrostatic ~ milk 976 cfumL™?  -Causes critical damages in food industry is Pimienta
pressure microorganisms from 100MPa limited to applying etal. 2020
onwards treatments of 600 MPa
-Prevents nutritional loss since it uses water as a
-Effective alternative to holder pressure transmitting
pasteurization fluid
Cold Bacteri SA1, 0.05 A, 650V and 1-2 log -Nonthermal technology -No significant impact Lee et al.
Atmospheri  al SA2 and operating power of cycles -Shorter times required for on membrane 2021
c Pressure  suspens SA3 50mw treatment permeabilization,
Plasma ion -No handling of chemicals RNA and DNA
Plasma jet operating required damage, or esterase
inargon/5to 120 s -No need to use water activity

-Can be wused at products
sensitive to thermal process or
surfaces of equipment in food
industry

- But longer treatment
times are necessary
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Pulse
Electric
Fields

Photodyna
mic
inactivation
/

of
Phthalocyan
ines

Vacuum-
thermosonic
ation

Bacteri
al
suspens
ion

Bacteri
al
suspens
ion

Sourso
p puree

CECT
4459

ATCC
25923

ATCC
33862

18 and 25 kV/cm Generatio

20 to 400 ps n of pores
with

Frequency of 0.5 Hz  radius

to minimize sample  higher that

heating 0.7 nm

Various irradiation -  9.67 log

0.5Wcm™

Irradiance energy

doses 0.9 kJ cm ™2 to

3.6 kJ cm™2/ 20 min -

80 min

Vacum - 16.93kPa  >7 log

heat - 50 °C 1-3 CFU

intermittent vacum
pulses

(24 kHz/0.34 W/g/10
min)

-Nonthermal technology
-Strong antibacterial effect

- Release ~ of  cellular
components

-Maintains food organoleptic
and  nutritional  properties
roughly unchanged

-Low energy consumption
-High environmental protection
-Economic feasibility

-Nonthermal technology
-Stability, durable and broad-
spectrum antimicrobial
properties of Silver

- Efficient delivery of drug to
bacteria site through enhanced
permeability

- Efficient inactivation of
resistant strains

-Effective against S. aureus
cells

-Great potential to be applied in
viscous food such as fruit
purees or similar, a limiting of
ultrasound alone

-Reversely

permeabilized  cells
might be able to reseal
their envelopes and
outgrow, given the
appropriate  recovery
conditions are
provided

-Low solubility or high
aggregation tendency
prevents
((Phthalocyanines)
them from showing a
good therapeutic
antimicrobial effect

-Thermal technology

-Additional researches
are needed to generate
more knowledge on
the effect of the VTS
technology on
different food matrix

Freire et
al. 2021

Sen and
Nyokon
2021

Martinez-
Moreno et
al. 2020



168

Acoustic energy -Can be scalable to industrial

density of 85 W/cm 2 applications because it is
cheaper than MTS
-Can be recognized as a “green”
and sustainable alternative due
to the reduction of energy
consumption, elimination of
waste-water,  decrease  in
processing time and costs,
insurance of safety

Ohmic Milk, ATCC 10 V/cm e 50 Hz 1.93 and R . -Requires specialized Shao et al.
- Inactivation of S. aureus in the

heating apple 6538 24.8-26.3 °C 1.69 log food system, especially those equipment and can be 2021
juice CFU/ mL with lower pI'-| expensive to integrate
and Broth - -Food quality had no
broth 1.87 and significant difference
1.15 log with conventional heat
CFU/mL treatment.

3 Abbreviations: HIU = High-Intensity Ultrasound; CFU - Colony Forming Units; AP = Acoustic Pressure; US = Ultrasound; CA = Chlorogenic Acid; HVEF = High Voltage
4 Electrostatic Field; HVAEF = High Voltage Alternating Electric Filed; HVPEF = Prick Electrostatic Field

5
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Figure caption

Figure 1. Pathogenicity mechanism of staphylococcal enterotoxins.

A Mol
Enterotoxin ingestion Y B Epithelium |cr1w| !

Globet cell

/

Intestine

(A) The initial exposure begins with the ingestion of foods contaminated with preformed staphylococcal
enterotoxin, which is resistant to extreme heat and acid, allowing it to survive until reaching the intestine
where it starts its harmful effects. (B) In the intestine, the toxin binds to the cells of the intestinal epithelium,
entering the body through mucous-producing goblet cells and epithelial cells, where it begins its action
process. (C) The release of serotonin by activated mast cells, in response to the toxin, stimulates the vagus
nerve through interaction with the 5-HT/serotonin precursor, inducing the emetic response. (D) Acting as
a superantigen, the toxin triggers the activation of T cells and neutrophils by binding to the MHC 11
molecule on antigen-presenting cells and to the TCR on T cells, leading to a massive release of cytokines
and an intense inflammatory response.
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19  Figure 2. Potential S.aureus contamination routes in Dairy Products in Milking,
20  Production and Processing Environments

—> Production chain of dairy products

4
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21
22 Figure 3. Number of all-age MRSA deaths attributable to antimivrobial resistance. For

23 the 7 GBD super-regions, 2019

27,314 1,773 9,171 14,985 5,650 23,647 28,541
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26  Source: adapted from Ikuta et al., 2022
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Figure 4. Mechanism of microbial inactivation using the main non-thermal and thermal

Technologies

{J’ QUND TH?“"% 2
(9\ &Q.?‘ss a _NANNAN 4%1 &6‘

o AAAAAT
eo - 0.0. (33). (a2’ -f:',}.“' /‘./;‘/\@» @
Q Cavitation Bubble grows Vielfr;cj:af,?\& O

Bubble o
p_&\

Capsule
—m °

Microbial inactivation (non-thermal Technologies) - Ultrasound- (1) Generation of high-frequency
sound waves by ultrasonic equipment (acoustic cavitation); (2) Bubble formation by negative pressure; (3)
Growth and collapse of bubbles under compression and expansion of waves; (4) Violent collapse of bubbles
produces free radicals and hydrogen peroxide, damaging the cell walls. Pulsed electric field: (6) Electric
field applied externally for microseconds; (7) Creation of intense electric field across the cell membrane;
(8) Electroporation and disintegration of the cell membrane; (9) Electric field generates pores in the
membrane, damaging the cell wall. Cold plasma: (1c) Gas energized by high voltage becomes plasma;
(2c) Formation of reactive oxygen, nitrogen, and other species by electrostatic forces; (3c) Reactive species
induce oxidative stress in cells, damaging the cell membrane; (4c) Destruction of genetic material; (5c)
Lipid oxidation; (6¢) Protein denaturation leading to cell destruction.

Microbial inactivation (Thermal Technologies) - Dielectric heating: (1d) Oscillating electric field
applied to the dielectric material induces periodic changes in polarity; (2d) Generating heat and damaging
cellular structures. Ohmic heating: (1e) Electric current heats the conductive material (Joule effect); (2e)
Efficient conversion of electricity into heat, distributing it quickly and uniformly; (3e) Damage to cellular
structures due to the increase in temperature. Thermosonication: (1f) combines ultrasound and heat.
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Recent advances in ultrasound application in the dairy industry: efficacy and
challenges in microorganism inactivation

ADVANCES IN ULTRASOUND FOR THE DAIRY INDUSTRY
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Abstract

This literature review explores the application of ultrasound technology to inactivate
microorganisms in dairy products. By examining recent studies from the past decade
obtained from databases such as Google Scholar, SciELO, Scopus, and ScienceDirect,
this review evaluates the effectiveness and potential of ultrasound as an alternative to
traditional thermal methods. The main focus is ultrasound mechanisms, including
cavitation, and its impact on dairy products' sensory and nutritional properties. Key findings
highlight the advantages of ultrasound, such as its non-thermal nature, which helps
preserve the quality of dairy products, and its effectiveness in reducing microbial loads.
Additionally, the review discusses the technical, economic, and regulatory challenges that
must be addressed for widespread industrial adoption. Future research directions are
suggested to enhance the application of ultrasound in the dairy industry and improve food

safety and quality.

Highlights

-Ultrasound effectively reduces microorganisms in dairy products with energy efficiency.
-The integration of ultrasound and heat enhances microbial inactivation and preserves
quality.

- Combined ultrasound and thermal treatment are effective for microbial inactivation in
some milk products.

-Challenges in industrial applications include costs and the need for parameter

optimization.
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- The integration of ultrasound with heat treatment can be a viable alternative to traditional

thermal processing methods.
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Thermosonication; Food Safety; Energy Efficiency
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1 Introduction

Milk and dairy products are often recommended as part of the daily diet due to their
rich composition of essential nutrients. However, these nutrients can also promote the
growth of pathogens, leading to outbreaks of foodborne illnesses (Qi et al., 2024). The
high demand for dairy products underscores the importance of ensuring their quality and
safety. Due to their composition, these products can provide an ideal environment for the
proliferation of pathogenic microorganisms, which compromise both sensory and
nutritional quality and food safety. Therefore, ensuring the microbiological safety of dairy
products is crucial for protecting consumer health and maintaining product integrity. (Aaliya
et al., 2021; Dash et al., 2022).

Traditionally, the dairy industry employs thermal methods, such as pasteurization
and sterilization, for microorganism inactivation. Pasteurization, for example, involves
heating milk to specific temperatures for a determined period to eliminate pathogenic
microorganisms and reduce the total microbial load. Although effective, these methods
can negatively affect the sensory and nutritional properties of the products, resulting in
nutrient loss and changes in flavor and texture (Shoaib et al., 2023). Inadequate thermal
treatments can also contribute to product recalls and outbreaks of foodborne ilinesses.
Dairy products, especially raw milk, have frequently been associated with outbreaks of

foodborne diseases (Table 1).

Table 1

Given the limitations of traditional thermal methods, ultrasound technology emerges as a
promising alternative for microorganism inactivation in dairy products (Balthazar et al.,
2019). Ultrasound uses high-frequency sound waves to generate cavitation, a
phenomenon that results in the formation and collapse of bubbles in a liquid, producing
intense mechanical forces capable of inactivating microorganisms. In addition to being a
non-thermal technique, ultrasound can be applied controlled to minimize negative impacts
on the sensory and nutritional properties of dairy products (Rathnakumar et al., 2023;
Scudino et al., 2020).

This review aims to explore the application of ultrasound technology for
microorganism inactivation in dairy products, highlighting its effectiveness and the
challenges associated with its industrial implementation. The review will discuss the
mechanisms of ultrasound action, its advantages and limitations compared to traditional

methods, and the technical and economic obstacles that need to be overcome for



79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113

1176

widespread adoption of this technology in the dairy industry. Finally, future perspectives
and emerging research areas will be presented, which may contribute to advancing the

application of ultrasound in microorganism inactivation in dairy products.

2 Methodology

This literature review focused on applying ultrasound for microorganism inactivation in
dairy products. A detailed search was conducted on various sites and databases such as
Google Scholar, SciIELO, Scopus, and ScienceDirect prioritizing studies published in the
last ten years. The main search terms included "ultrasound,” "microorganism inactivation,"

"dairy products,"” "ultrasound technology," "cavitation," and "microbiological quality."

3 Fundamentals and applications of ultrasound in microorganism inactivation

Effective control and inactivation of microorganisms are essential to ensure food
safety and protect public health. Pasteurization, traditionally used in the dairy industry,
aims to reduce the microbial load in dairy products (Aaliya et al., 2021; Dash et al., 2022;
Najmitdinova, 2023). Although effective in microbial inactivation, conventional thermal
treatment has been challenged by the emergence of resistant bacterial strains, driving the
search for new processing technologies (Shoaib et al., 2023). In this context, ultrasound
technology emerges as a promising alternative, not only for its effectiveness but also for
being environmentally friendly (Balthazar et al., 2019; Bernardo, Rosario, Conte-Junior,
2021; Bhargava et al., 2021; Carrilho-Lopez et al., 2021).

Ultrasound uses high-frequency sound waves that exceed the human hearing
range, typically with frequencies above 20 kHz (Alvarenga et al., 2021; Rathnakumar et
al., 2023; Scudino et al., 2020). The waves are classified by amplitude, wavelength, and
frequency. Based on sound frequency, ultrasound applications can be divided into high
intensity - low frequency (I = 10-1000 W/cm?2 and F = 20-100 kHz) and low intensity - high
frequency (I <1 W/cm? and F > 1 MHz) (Balthazar et al., 2019; Bhargava et al., 2021;
Carrilho-Lopez et al., 2021).

High-frequency or low-intensity ultrasound is used for non-destructive diagnostic
purposes, as it does not cause acute modifications in the structure and characteristics of
the product. On the other hand, low-frequency or high-intensity ultrasound (>1 W/cm?)
favorably alters product attributes and is used in processes aimed at improving the quality

and safety of food products (Balthazar et al., 2019; Rathnakumar et al., 2023). The
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mechanism of ultrasound action is based on acoustic cavitation and acoustic streaming
(Figure 1).

Figure 1

In typically liquid environments, acoustic waves create high pressure (compression)
and low pressure (rarefaction) zones. During rarefaction phases, gas microbubbles can
form and grow. When these bubbles reach a critical size, they collapse violently. Before
the bubbles collapse, the rapid pressure fluctuations induced by ultrasonic waves cause
turbulence and volume displacement, known as acoustic streaming (Guimaraes et al.,
2021; Rathnakumar et al., 2023). The bubble generation, growth, and implosion process
is known as acoustic cavitation or implosion (Alvarenga et al., 2021). Cavitation is the
formation, growth, and collapse of microbubbles within a solution due to pressure
fluctuations caused by the applied ultrasonic field. This collapse leads to high local
turbulence, resulting in increased temperature and pressure within the implosion zone,
capable of producing shear forces. The violent collapse of a cavitation bubble results in
various physical and chemical effects on the liquid, such as microflow, agitation, turbulence,
liquid jets, shock waves, and the formation of reactive oxygen species. These phenomena
can induce significant physical and chemical effects on the material they are applied to
(Carrilho-Lopez et al., 2021; Soltani Firouz et al., 2019).

Microorganism inactivation by ultrasound can occur through various mechanisms,

as illustrated in Table 2.

Table 2

Initially, ultrasound, by inducing the phenomenon of acoustic streaming, affects the
bacterial cell wall, causing stress without damaging the membrane. Prolonged and intense
treatments, resulting from rapid pressure and temperature fluctuations, can lead to bubble
collapse and, consequently, rupture of the bacterial membrane or cell wall through shear
forces. This results in the release of intracellular material. The most significant effects
include cell wall rupture caused by microjets, changes in cell permeability, thermal
inactivation due to high-temperature points, and the production of reactive oxygen species,
such as hydroxyl radicals. These species have highly reactive oxidative properties,
capable of compromising the cell membrane and damaging DNA and enzymes (Alvarenga
et al., 2021; Balthazar et al., 2019; Guimaraes et al., 2021).
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3.1 Inactivation of microorganisms in dairy products

The inactivation of microorganisms in dairy products by ultrasound represents an
innovative and effective approach to ensuring food safety and preserving quality
(Bernardo, Rosario, Conte-Junior, 2021). This technology offers a promising alternative to
traditional thermal methods, better preserving dairy products’ sensory and nutritional
properties . (Balthazar et al., 2019; Soltani Firouz et al., 2019; Guimaraes et al., 2021).

With the growing interest in applying less invasive and more sustainable
techniques, ultrasound has garnered significant attention in the scientific literature. Several
recent studies have analyzed the application of ultrasound in microbial inactivation
(Martinez-Moreno et al., 2020; Nascimento et al., 2023; Yu et al.,, 2021). Table 3
summarizes the treatment parameters and the effectiveness of ultrasound in inactivating
various microorganisms in dairy products, highlighting variations in effectiveness based on

the different parameters used.

Table 3

The data presented in Table 3 illustrate the variability in the effectiveness of
ultrasound for microorganism inactivation in dairy products, highlighting how different
treatment parameters, such as frequency, intensity, and exposure time, influence the
results. For example, Jalilzadeh et al. (2018) observed a more pronounced reduction in E.
coli with higher frequencies (60 kHz), while P. chrysogenum showed a lower inactivation
rate regardless of the frequency used. Guimardes et al. (2019) revealed that higher
ultrasound powers (600 W) resulted in greater bacterial inactivation. Additionally, Balthazar
et al. (2019) demonstrated that variations in power and treatment duration directly affect
effectiveness, with a power of 104 W for 6 minutes being the most efficient for semi-
skimmed sheep milk. These discrepancies reinforce the need to optimize ultrasound
parameters for each type of product and specific microorganism, suggesting that a one-
size-fits-all approach may not be ideal for all cases. Therefore, careful selection of
ultrasound parameters is essential to maximize effectiveness in microbial inactivation,

especially in industrial contexts.

3.1.1 Advantages of Ultrasound in Microbial Inactivation
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The main advantage of ultrasound is its ability to inactivate microorganisms without
the side effects of conventional thermal treatments, which often require high energy levels
and can compromise the nutritional value of foods (Balthazar et al., 2019; Soltani Firouz
et al., 2019; Guimarées et al., 2021). Ultrasound is a disruptive technique that can alter
the chemical, biochemical, physical, or mechanical properties of microorganisms,
depending on the treatment intensity, such as frequency, power, processing time, and the
volume and temperature of the sample (Guimaraes et al., 2021; Rathnakumar et al., 2023).

High-intensity ultrasound, with power ranging from 1 to 1,000 W/cm?2, has shown a
faster rate of cavitation formation compared to low-intensity ultrasound (<1 W/cm?) (Yu et
al., 2021). Recent studies have explored the use of high-intensity ultrasound in various
dairy products to reduce processing time and energy consumption, as well as to improve
the physicochemical characteristics of foods (Carrilho-Lopez et al., 2021; Soltani Firouz et
al., 2019). The diversity of dairy products and their unique characteristics have led to
extensive research on high-intensity ultrasound, covering raw milk, sheep milk, buffalo milk,
yogurt, ice cream, cheese, among others (Balthazar et al., 2019; Guimaraes et al., 2021;
Jalilzadeh et al., 2018; Scudino et al., 2020).

However, it is challenging to compare results from different studies considering
these parameters in isolation, as the effects of cavitation depend on these parameters and
slight variations can alter results in different food matrices (Aaliya et al., 2021). Additionally,
the success of ultrasonic treatment is also related to the physical and biological
characteristics of the microorganisms being treated. While both yeasts and bacteria
(Gram-positive and Gram-negative) are susceptible to ultrasound, differences in cell
membrane structure and the presence of protective capsules can reduce treatment

effectiveness (Alvarenga et al., 2021; Guimaraes et al., 2021).

3.1.2 Challenges and Limitations of Ultrasound

Although ultrasound technology represents a promising, non-destructive, non-
thermal, and environmentally friendly approach, it is important to note that its effectiveness
may not be fully realized in all situations (Jalilzadeh et al., 2018; Guimaraes et al., 2019).
Furthermore, treatment with ultrasound alone has shown limited antibacterial activity and
efficacy against bacterial biofilms (Martinez-Moreno et al., 2020; Yu et al., 2021).

Additionally, the effect of ultrasound can be influenced by the product matrix, as the
presence of solids, fats, and viscosity can interfere with the propagation of acoustic waves

and, consequently, the efficiency of the inactivation process. Heterogeneity in the
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distribution of ultrasonic waves can lead to areas with varying levels of effectiveness,
making it challenging to ensure uniform treatment in large volumes of product (Nascimento
et al., 2023).

The application of high-intensity ultrasound can generate heat due to the increase
in temperature, negatively impacting the organoleptic and nutritional characteristics of food
products. Additionally, high-power ultrasound can cause adverse physical and chemical
effects on foods. Free radicals generated by cavitation can lead to lipid oxidation, resulting
in undesirable flavors and odors, protein denaturation, and a reduction in total phenolic
content due to ascorbic acid degradation. The combination of ultrasound with temperature
and pressure can also form free radicals that trigger damaging reactions to protein
structure, compromising food texture. Therefore, optimizing ultrasound intensity and
combined use before its application becomes essential (Bhargava et al., 2021).

Another challenge is the cost associated with ultrasound technology, which can be
relatively high compared to traditional thermal treatment methods. Investment in
equipment and maintenance can limit some producers' economic feasibility, especially in
smaller-scale operations (Bernardo, Roséario, Conte-Junior, 2021; Yu et al., 2021).
Continued research is necessary to address these limitations and improve the

effectiveness and applicability of ultrasound in the dairy industry.

3.1.3 Combined strategies and recent advances

In recent years, the application of ultrasound for microorganism inactivation in dairy
products has advanced significantly, reflecting the growing interest in more efficient and
sustainable processing technologies (Table 3). A major advancement is the
implementation of high-intensity ultrasound, which has shown enhanced potential for the
inactivation of a wide range of pathogenic microorganisms (Guimardes et al.2021;
Martinez-Moreno et al., 2020).

The combination of ultrasound with other thermal and non-thermal technologies
plays a crucial role in bacterial reduction. Aaliya et al. (2021) discuss the application of
hurdle technology, which utilizes a synergistic combination of thermal and non-thermal
techniques to enhance microorganism elimination effectiveness. This approach allows for
more robust microbial load control by leveraging the advantages of different processing
methods to ensure food safety without compromising its sensory qualities (Aaliya et al.,
2021).
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Sonication, when combined with pressure (manosonication), can inactivate
pathogenic and spoilage microorganisms present in food. This is achieved through the
mechanical effects of ultrasonic cavitation, which damage bacterial cells, leading to their
inactivation (Alvarenga et al., 2021; Martinez-Moreno et al., 2020). When combined with
heat (thermosonication), it is also highlighted as a promising strategy for microbial
inactivation, effective in reducing or eliminating microorganisms in food, including bacteria,
yeasts, and molds (Martinez-Moreno et al., 2020; Nascimento et al., 2023; Rathnakumar
et al., 2023). Research conducted with creams observed a reduction of up to 4.72 log
CFU/mL in MRSA counts, comparable to the reduction achieved with conventional
pasteurization, highlighting thermosonication as an efficient solution for the microbiological
safety of dairy products (Nascimento et al., 2023). Similarly, ultrasonic treatment of semi-
skimmed sheep milk showed a significant reduction in bacterial contamination, comparable
to high-temperature short-time pasteurization treatment (Balthazar et al., 2019).

Additionally, recent research has investigated the use of more sophisticated
ultrasound devices, such as adjustable frequency transducers and controlled cavitation
systems, which offer more precise and efficient control over the microorganism inactivation
process (Yu et al., 2021). Further studies have also explored the combination of ultrasound
with hydrogen peroxide and the active lactoperoxidase system, demonstrating the
effectiveness of these integrated approaches in eliminating pathogenic and spoilage
bacteria in dairy products (Shamila-Syuhada et al., 2016).

These advancements highlight the importance of integrating ultrasound with other
technologies to overcome specific limitations and optimize microorganism inactivation in
dairy products. Ongoing development and innovative combinations of processing methods

are expanding the potential of ultrasound as an effective solution for food safety.

3.2 Challenges for industrial application

The implementation of ultrasound technology on an industrial scale faces several
challenges, including the high costs of acquiring and installing specialized equipment, the
need to implement changes in management and production lines, as well as the
operational complexity and maintenance of these systems (Bernardo, Rosario, Conte-
Junior, 2021). However, various studies suggest that ultrasound may stand out as a
superior alternative to traditional processing methodologies, particularly in the dairy sector,
which is a significant segment of the food industry with a wide range of products derived

from different processes. (Guimaraes et al., 2021).
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Technological benefits include improvements in homogenization, emulsification,
reduction in fat globule size, and nutritional quality of products (Carrilho-Lopez et al., 2021),
as well as a decrease in cheese maturation and fermentation time, and bacterial
inactivation (Balthazar et al., 2019; Nascimento et al., 2023; Rathnakumar et al., 2023;
Scudino et al., 2020). Moreover, ultrasound proves effective in the inactivation of various
enzymes related to dairy products, such as alkaline phosphatase, lactoperoxidase, and y-
glutamyl transpeptidase, while preserving the natural flavors of foods (Rathnakumar et al.,
2023). Its applications extend to kinetic stabilization, cell rupture, release of bioactive
compounds, and improvement of water and lactose crystallization, highlighting its
versatility in enhancing food quality and safety. Ultrasound thus establishes itself as an
efficient technology for nutrient preservation, extending shelf life, and improving the quality
of dairy products (Bhargava et al., 2021; Guimarées et al., 2021).

Ultrasound plays a significant role in the firm and stable gel formation by denaturing
whey proteins, fragmenting casein micelles, and recombining the protein fraction, resulting
in a more consistent yogurt (Carrilho-Lopez et al., 2021). No significant adverse effects
were observed on the cohesiveness or elasticity of ultrafiltered white cheese due to the
use of ultrasound. Sonication led to an increase in acidity and a reduction in pH values
compared to control samples, without negatively affecting the fat or protein content of the
cheese. Additionally, ultrasonic treatment accelerated lipolysis and proteolysis processes,
resulting in higher production of free fatty acids and water-soluble nitrogen. These changes
contribute to flavor and aroma enhancement in cheese, improving its physicochemical and
sensory properties during the maturation process (Jalilzadeh et al., 2018).

Research conducted in laboratories under controlled conditions suggests that
experimental results achieved may not be easily replicable on an industrial scale due to
differences in the amount of material processed and the need for more robust systems for
large-scale processing (Soltani Firouz et al., 2019)..

Bernardo et al. (2021) highlight the main constraints of using ultrasound on a large
scale in the dairy industry, such as in milk decontamination. These limitations are strongly
related to bacterial morphology and cell wall composition. Gram-positive bacteria,
characterized by a thick peptidoglycan layer, exhibit greater resistance to the deleterious
effects of ultrasound (Balthazar et al., 2019; Herceg et al., 2020; Shamila-Syuhada et al.,
2016).

These challenges emphasize the lack of consensus on defining and presenting
processing parameters in ultrasonic treatment, as well as the methodology for calculating

the actual acoustic energy used (Guimarées et al., 2021; Scudino et al., 2020). These are
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crucial aspects for enabling effective comparisons between different studies. Furthermore,
conducting more research to establish process parameters tailored to specific safety
objectives, whether technological or microbiological, and appropriate for the particular type

of dairy product under analysis is essential.

4 Final considerations

The use of ultrasound for microorganism inactivation in dairy products has proven
effective, enhancingsafety and product quality. This technology reduces processing time
and energy consumption while preserving the nutritional and sensory properties of foods,
making it appealing for commercial applications due to its eco-friendly and efficient
approach. However, variability in microorganism response and differing treatment
conditions necessitate a tailored approach for each product and specific context. Despite
these advantages, the industrial implementation of ultrasound faces challenges, requiring
significant investment and effort to advance research, large-scale application, and
commercialization.
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contamination death and 8
hospitalizations
2017 Raw milk cheese @ Listeria monocytogenes Foodborne illness, 1
contamination death and 2
hospitalizations
2022 Whole Nutrition Infant Potential for cross- Product withdrawa
Formula, Milk Based Powder contamination with
with Iron @ Cronobacter sakazakii
2022 Various cheeses® Potential to be contaminated Product withdrawa
with Listeria monocytogenes
2023 Pepper Jack Raw Milk Presence of Listeria Product withdrawa
Cheese © monocytogenes
2023 Tome De Brebis Sheep Milk Potential Foodborne illness  Product withdrawa
Cheese®
2023 Tome Corse Sheep Milk Potential Foodborne illness Product withdrawa
Cheese ®
2023 Sophelise, Tobasi, and Potential contamination with Product withdrawa
Berkshire Bloom Cheeses®  Listeria monocytogenes
2024 Ice Cream Products® Listeria monocytogenes Product withdrawa
Contamination
2024 Powdered Goat Milk Infant Cronobacter spp. Product withdrawa
Formula ® contamination
2024 Aged Cojita Mexican Grating Potential Listeria Product withdrawa
Cheese ©® monocytogenes
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2024 Nutramigen Powder infant Potential Cronobacter Product withdrawa
formula ® sakazakii contamination
2024 Queso Fresco and Cotija Potential Listeria Outbreak and
Cheese ¥ monocytogenes Product withdrawa
contamination
2024 Raw Cheddar Cheese ® Escherichia coli Outbreak, 2 death
and 11
hospitalizations
521  Source: CDC (Centers for Disease Control and Prevention), 2016 @, 2017, 2024®; FDA
522 (Food and Drug Administration), 2024
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Table 2. Key Processing factors and their impact on microorganism inactivation by

ultrasound

Processing Unit of Description Impact on Microorganism

Factors Measurement Inactivation

Frequency Hz Determines Lower frequencies (20-100 kHz)
bubble size and generate larger bubbles, enhancing
cavitation microbial inactivation. Higher
intensity. frequencies (>100 kHz) produce

smaller bubbles, often resulting in less
effective inactivation.

Intensity W, W/L, W/kg, Energy Higher intensities increase mechanical,

W/cmz2, J/L transmitted by ~ thermal, and sonochemical effects,
ultrasonic leading to more effective microbial
waves. inactivation.

Amplitude um, % Affects the size  Greater amplitude intensifies
and distribution  cavitation, improving microbial
of cavitation inactivation efficiency.
bubbles.

Exposure s (seconds) Duration of Longer exposure times can enhance

Time ultrasonic microbial inactivation but may also
treatment. affect product quality.

Temperature  °C (Celsius) Temperature of  Higher temperatures can increase the
the product efficiency of cavitation and microbial
during inactivation, though excessive heat
treatment. may affect the product’s quality.

Medium mPa-s Thickness of Higher viscosity can hinder bubble

Viscosity (millipascal- the product. formation and cavitation, reducing the

seconds) efficiency of microbial inactivation.

Note: Hz: Hertz; W: Watts; W/cm2 Watts per square centimeter; J/L: Joules per liter; um: Micrometers; %: Percentage; s: Seconds; °C: Celsius;

mPa-s: Millipascal-seconds.

Source: Adapted from Beitia et al. (2023).
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Table 3. Efficacy of Ultrasound in the Inactivation of Target Microorganisms in Dairy Products

Dairy Target Treatment Efficacy (Log Reduction, Challenges Reference
Product Microorganisms Conditions CFU/NMP Reduction, D-value) Observations
Raw milk Staphylococcus Ultrasound probe, S. aureus: D-value of 4.80 min E. coli is more susceptible Herceg et
aureus (S.aureus), 12.0 mm, 600 W, E. coli: D-value of 2.78 min to ultrasonic treatment al. (2012)
Escherichia coli 20 kHz, 60°C than S. aureus.
(E.aureus)
Reconstituted  Enterobacter Ultrasound probe, 20 kHz: Water: 3.64 after 60 min Low-frequency ultrasound Gao et al.
skim milk aerogenes 12.7 mm, 20 kHz -5%, 10% and 15% skim milk: 2.73, effective; high-frequency (2014a)
(£1.25% fat) and 850 kHz, 20 2.31 and 2.21 log, respectively ineffective
min 850 kHz: no significant reduction
Raw Milk Listeria Listeria monocytogenes, E. coliand High effectiveness with Shamila-
monocytogenes, Ultrasound probe, Salmonella Typhimurium: ~3 log H2O,. Syuhada et
E. coli, Salmonella 14 mm, 24 kHz, reduction with H,O, (0.05%) al. (2016)
Typhimurium, 62.5 - 125mm Pseudomonas fluorescens: < 1 log
Pseudomonas
fluorescens
Retentate of E. coli, S. aureus, Ultrasound probe, E. coli O157:H7: Efficacy increases with Jalilzadeh
UF milk (16% Penicillium 20, 40, 60 kHz, -20/40/60 kHz: 4.08, 4.17 and 4.28 frequency for E. coli; less etal.
fat) for Iranian chrysogenum, 80% intensity, 20 log, respectively effective for other. (2018)
UF white Clostridium min S. aureus:
cheese sporogenes - 20/40/60 kHz: 1.10, 1.03 and 1.95
log, respectively
Penicillium chrysogenum:
- 20/40/60 kHz: 1.11, 1.07 and 1.11
log, respectively
Clostridium sporogenes:
- 20/40/60 kHz: 2.11, 2.03 and 2.17
log, respectively
Chocolate milk Aerobic mesophilic Ultrasound probe, Aerobic mesophilic: 3.56 log Effective for improving Monteiro et
beverage bacteria, Total 13 mm, 900 W, 3.0 Coliforms: <3 MPN/mL microbiological quality. al. (2018)
coliforms and kJ/cms, 19 kHz

Thermotolerant

[189
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Raw Milk Aerobic mesophilic Ultrasonic Aerobic Mesophilic Bacteria: Longer treatment times Hernandez-
bacteria, processor, 1500 W, 2.45- 4.8 CFU/mL and higher amplitudes Falcon et
Enterobacteriaceae 20 kHz, 10 -15 min, Enterobacteriaceae: - 3.41 log or improve microbial al. (2018)

95% intensity lower reduction.

Low- and High- Listeria Ultrasound Listeria monocytogenes: CEO + US resulted in the Mortazavi

Fat Milk monocytogenes, probe,24 kHz, 400 - 3.0 (CEO), 0.6 (US), 4.5 (CEO + greatest reduction. &
Salmonella W power at 124 um US) Aliakbarlu
Typhimurium (100%) wave Salmonella Typhimurium: (2019)

amplitude for 15 - Low-Fat Milk: 2.3 (CEO), 1.6 (US),
min 3.1 (CEO + US)
- High-Fat Milk: 2.2 (CEO), 1.1 (US),
3.8 (CEO + US)

Prebiotic Enterobacter Ultrasound probe, - Water: 3.64 log Effectiveness decreases Guimaraes

soursop whey aerogenes 13 mm, 19 kHz, -5%, 10% and 15% milk: 2.73, 2.31 with higher milk et al.

beverage 200-600 W, energy and 2.21, respectively concentrations. (2019)

density 8, 16, and
24 W/mL for 60 min

[ranian UF E. coli, S. aureus, Ultrasound probe, E. coliand S. aureus: ~7 log High efficacy for E. coliand Martinez-

white cheese Clostridium 22 mm, 24 kHz, 85 Clostridium sporogenes: 2.11—-2.17 S. aureus; less effective for Moreno et
sporogenes, W/cm? log Penicillium chrysogenum.  al. (2020)
Penicillium Penicillium chrysogenum: 1.07 -
chrysogenum 1.11 log

Semi-skimmed Aerobic mesophilic Ultrasound probe, Aerobic Bacteria: 1.6 - 2.7 log US4 is most effective for Balthazar

sheep milk bacteria, Total 78-104W, 6-8min Coliforms: Absence reducing microbial et al.

(1.6% fat) fresh coliform count, Staphylococcus spp.: 1.6 - 2.7 log  contamination. (2019)

and frozen Staphylococcus
Spp.,

Raw milk Aerobic mesophilic Ultrasound probe, Aerobic mesophilic: 3.92 log Variable effectiveness: Scudino et
heterotrophic 13 mm, 100 - 475 Coliforms: <3 MPN/mL higher energy densities al. (2020)
bacteria, Total W, improve reduction.
coliforms, 1-7kJ/mL

Thermotolerant
coliforms
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Raw camel E. coli, Salmonella Ultrasound probe, E. coli: Complete inactivation Effective at complete Dhahir et
milk Typhimurium 13 mm, 900 W, 20 Salmonella Typhimurium: 4.4 log inactivation of E. coli; al. (2020)
kHz, 15 min significant reduction of
Salmonella.
Milk Cream Methicillin-resistant ~ Ultrasound probe, MRSA: 4.82 log (after Efficacy for MRSA Nasciment
Staphylococcus 13 mm, 20 pasteurization), 4.72 log (after o et al
aureus (MRSA) kHz, 500 W thermosonication) (2023)

Legend: UF — Ultrafiltrated; CEO — Cinnamon Essential Oil; US — Ultrasound; CEO + US — Cinnamon Essential Oil combined with Ultrasound
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FIGURE

Figure 1. Mechanisms of Ultrasound Action in Microorganism Inactivation.
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6 CONCLUSAO GERAL

A presente tese investigou a eficicia da combinacao entre técnicas de pasteurizagdo, nas
suas modalidades rapida e lenta, com a termossonica¢do na inativacdo de Staphylococcus
aureus resistente a meticilina (MRSA) e outros microrganismos indicadores presentes em
creme de leite. Os resultados obtidos demonstraram que a aplicagdo conjunta de
termossonicacdo e pasteurizacdo convencional revelou-se uma estratégia eficaz e promissora
para aprimorar a reducdo microbiana em comparacao ao uso isolado da pasteurizacéo.

A sinergia observada entre as técnicas mostrou que o efeito térmico da pasteurizacéo é
amplificado pela agdo mecanica das ondas ultrassonicas, resultando em uma inativagcdo mais
eficiente de MRSA e demais microrganismos. Essa combinac¢do ndo apenas resultou em uma
reducao significativa das contagens microbianas imediatamente ap0s o tratamento, mas também
promoveu a manutencdo prolongada desses niveis reduzidos ao longo do periodo de
armazenamento, especialmente quando comparada as técnicas tradicionais.

As revisoes realizadas no ambito deste estudo reforcam que Staphylococcus aureus,
particularmente as cepas resistentes a antimicrobianos como o0 MRSA, continua a representar
um desafio significativo para a seguranca dos alimentos. Embora as praticas convencionais de
processamento, como a pasteurizacdo, sejam fundamentais, sua eficacia pode ser
substancialmente aumentada pela combinacdo com tecnologias emergentes, como a
termossonicacdo. Adicionalmente, a revisdo sobre a aplicacdo de ultrassom na industria de
laticinios destaca as vantagens dessa tecnologia, como sua capacidade de promover uma
reducdo microbiana eficaz. No entanto, a variabilidade na resposta microbiana ao tratamento e
a necessidade de otimizacBes especificas para cada tipo de produto indicam que a
implementacdo em escala industrial ainda enfrenta desafios significativos.

Em sintese, esta tese contribui para o entendimento e aplicacdo pratica da
termossonicacdo combinada com a pasteurizacdo como uma estratégia inovadora para a
inativacdo de microrganismos patogénicos e indicadores em creme de leite. Os resultados
ressaltam que, com a combinacdo adequada de parametros, essa abordagem pode oferecer uma
solugcdo mais robusta para a seguranca microbiologica de produtos lacteos, superando as
limitagdes das técnicas convencionais. Pesquisas futuras devem continuar a explorar essa
combinacdo, visando a otimizacdo dos parametros para diferentes produtos e escalas de
producéo, com o objetivo final de aprimorar a seguranca dos alimentos de forma sustentavel e

eficiente.
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alimentos no Brasil. 2021. Monografia (Aperfeicoamento/Especializagdo em Curso de
Especializagdo em Microbiologia) - Universidade Federal da Bahia.

Orientadora: Profa. Clicia Capibaribe Leite.

Prémios e Reconhecimentos

2024 - Professora Homenageada da Turma 2023.2 do curso de Farméacia da UNICEUSA,
UNICEUSA - Centro Universitario Salvador.

2022 - Mencédo Honrosa em reconhecimento & valorosa contribuicéo e dedicacdo, nas atividades
desenvolvidas junto a Faculdade de Farmécia da Universidade Federal da Bahia.
FACFAR/UFBA,

2022 - Professora Homenageada da Turma 2022.1 do curso de Farmacia da UNICEUSA -
Centro Universitério Salvador.

2021 - Professora Homenageada da Turma 2021.2 do curso de Farmacia da UNICEUSA -
Centro Universitario Salvador.

Outras Atividades Académicas em parceria com IES

Orientacdo de 12 alunos em trabalhos de conclusdo de curso de Farmécia da UNICEUSA -
Centro Universitario Salvador (2020-2023).

Publicacdo de 5 artigos em periddicos Qualis B e C derivados dos trabalhos de conclusdo de
curso dos alunos orientados (2020-atual)

Participacdo em alguns cursos de aperfeicoamento



