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GENERAL ABSTRACT

INTRODUCTION. Microbial contamination is a worldwide problem that causes enormous
losses to both the food industry and public health. Foodborne illness has been perceived as a
serious problem and foodborne pathogens commonly involved in foodborne outbreaks include
Escherichia coli, Staphylococcus aureus and Salmonella sp. Although there are methods to
control microbial growth in foods, there remains a need for novel techniques that prove to be
effective for microbial inactivation and also contribute to the maintenance of sensorial
characteristics of foods. For years the food industry has used synthetic preservatives to control
the growth of pathogens, however, the production of preservative-free food has been the target of
large food industries due to the growing change in the population’s eating style. The use of
generally recognized as safe (GRAS) natural compounds is a promising alternative to maintaining
food safety and is also perceived by consumers as a natural method of food preservation method.
However, the concentrations of natural agents required to inhibit bacterial growth in foodstuffs
may modify the sensorial properties or exceed the acceptable flavor limit of food products. The
combined use of natural agents with synthetic antimicrobial agents to improve their antibacterial
efficacy and to reduce their concentration level when applied to food. Green nanotechnology has
also received considerable attention in the scientific community due to its eco-friendly and low-
cost nature. In the food sector, silver nanoparticles have been applied to food processing,
packaging, and sanitation. However, some works have reported microbial resistance to silver and
toxicity when applied directly to food. Natural compounds can be incorporated into nanoparticles,
making it possible to assess the effect of several substances simultaneously, and the combined
use of nanoparticles and antimicrobials provides more potent antimicrobial activity than that of a
single compound.

AIM. This work aimed to assess the antibacterial activity of cinnamaldehyde (CIN) and
potassium sorbate (P.S.) alone and in combination against Salmonella Typhimurium and
Staphylococcus aureus in vitro and in apple jam. The antibacterial activity and association of CIN
with biogenic silver nanoparticles (BioAgNP) were also investigated against Escherichia coli, S.
Typhimurium and S. aureus and their effects as a sanitizer for fresh sweet grape tomato.

MATERIALS AND METHODS. The compounds used in this work were CIN, P.S. and
BioAgNP and their antibacterial activities were tested against Escherichia coli ATCC 25922,
Salmonella enterica serotype Typhimurium ATCC 14028 and Staphylococcus aureus ATCC
25923. The antibacterial activity of these compounds was determined by the minimum inhibitory
concentration (MIC) and minimum bactericidal concentration (MBC), following the
recommendations of the Clinical and Laboratory Standards Institute. The effects of the
combination of CIN+P.S. and CIN+BioAgNP were determined by the Checkerboard method and
their interactions were analyzed by Combenefit software. Time-kill assays were performed to
evaluate the antibacterial activity of the compounds alone and in combination against the tested
bacteria. In the first paper, the application of CIN and P.S. alone and in combination was
performed in experimentally inoculated apple jam with a pool of S. Typhimurium and S. aureus
at a final concentration of 10® CFU/mL. Samples of apple jam without artificial inoculation were
submitted to microbiological analysis for Salmonella spp., Enterobacteriaceae, molds and yeasts
according to Brazilian legislation on microbiological food standards. For the analyses, four
sample groups of apple jam were prepared: control samples (without antimicrobials), samples
with CIN at 78 pg/mL, samples with P.S. at 78 pg/mL and samples with CIN+P.S. at 78
ug/mL+78 pg/mL. The effect of CIN and P.S. alone and in combination on the survival of
bacterial strains in apple jam was evaluated by counting viable cellson days 0, 1, 2, 3, 4, 5, 8, and
10. To this end, 10 g of the apple jam in 90 mL of sterile peptone water (1 g/L). Serial dilutions
were performed and plated on Hektoen agar plates or Baird—Parker agar. All plates were incubated
at 35 °C for 24 or 48 h before counting. The physicochemical analysis (pH, soluble solids,
titratable acidity, reducing sugars and non-reducing sugars) of the apple jam samples were
analyzed on days 0, 5 and 10 of shelf life. Sensory analysis was performed by 124 untrained
panelists to evaluate the acceptability of the apple jam samples. In the second paper, E. coli was
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chosen for the evaluation of the antibacterial effect of CIN and BioAgNP alone and in
combination as a sanitizer in fresh sweet grape tomatoes. Before evaluating the sanitizing action
of the compounds on artificially inoculated tomatoes, the samples were submitted to
microbiological analysis (Salmonella sp. and E. coli), following the standards required by
Brazilian legislation. To evaluate the antibacterial effect of CIN and BioAgNP alone and in
combination, the tomatoes were submerged in E. coli suspensions standardized at 108 CFU/mL
in sterile 0.1% peptone water supplemented with 0.1% agar for 30 minutes. Afterwards, the
samples were air dried for 2 hours to facilitate bacterial adhesion before exposure to disinfection
treatments. To assess the antibacterial activity of CIN and BioAgNP alone and in combination,
four samples were defined: a control sample (without antimicrobials), a CIN sample (156 pg/mL),
a BioAgNP sample (31.25 uM), and a CIN+BioAgNP sample (156 pg/mL+31.25 uM). The
samples were treated for 0, 5, 10, 15, 30, and 60 min. After treatments, inoculated bacteria were
counted by diluting 10 g of tomato in 90 mL of sterile peptone water (1 g/L). Serial dilutions were
performed, plated on Eosin Methylene Blue Agar plates, and incubated at 35 °C for 24 h before
counting. The survival of E. coli in tomatoes treated with CIN and BioAgNP alone and in
combination during the shelf life was also evaluated. The samples were treated for 5 min, air
dried, and packaged in sealed bags for 7 days. The samples were stored at room temperature and
analyzed on days 0, 1, 3, 5 and 7. Physicochemical analysis regarding pH, titratable acidity, and
soluble solids of the tomato samples were also analyzed at 0, 4 and 7 days of shelf life.

RESULTS. The MIC and MBC of CIN were 312-624 ug/mL for the bacteria evaluated and P.S.
showed MIC of 2,500 pg/mL for S. Typhimurium and 5,000 pg/mL for S. aureus. The MBC of
P.S. was 10,000 pg/mL for S. Typhimurium and 20,000 pug/mL for S. aureus. BioAgNPs also
exhibited activity against E. coli, S. Typhimurium and S. aureus showing MIC of 125 uM for all
bacteria investigated. The combination of CIN+P.S. and CIN+BioAgNP exhibited a synergistic
effect for the bacteria evaluated. The association between CIN+P.S. showed an FIC index of 0.25
for S. Typhimurium and 0.37 for S. aureus. An FIC value of 0.49 was found for CIN+BioAgNP
against E. coli, S. Typhimurium and S. aureus. The synergic effect was validated by the results of
Bliss independence surface analysis showing a predominance of blue areas, confirming the
synergism. In the Time-kill curves, the concentrations used were determined according to the
results obtained from the FIC index. Salmonella Typhimurium, S. aureus and E. coli were able to
grow at sub-inhibitory concentrations during all intervals evaluated when the CIN was evaluated
alone. On the other hand, P.S. alone was able to completely inhibited S. Typhimurium and S.
aureus after 24 and 72 h, respectively. The association of CIN+P.S. eradicated S. Typhimurium
and S. aureus counts, and no recovery of viable cells was noted after 12 h and 24 h of incubation,
respectively. BioAgNPs alone completely inactivated the growth of E. coli after 1 h of incubation.
On the other hand, S. Typhimurium showed a reduction of approximately 2.5-3 log CFU/mL after
12 hand S. aureus counts were reduced by ~2 log CFU/mL after 24 h of incubation; however, for
S. aureus it was possible to observe partial cellular recovery with 48 h of incubation.
CIN+BioAgNP in combination inactivated E. coli, S. Typhimurium and S. aureus after 45 min, 6
h and 48 h of incubation, respectively. In the first paper, the effects of CIN and P.S. alone and in
combination against S. Typhimurium and S. aureus experimentally inoculated in apple jam were
evaluated. The results showed that S. Typhimurium and S. aureus populations reached 5.96 and
5.68 log CFU/qg, respectively, on the 10th day. CIN alone slight reduced (p < 0.05) the populations
of S. Typhimurium and S. aureus, showing a slight reduction in counts. On the other hand, S.
Typhimurium and S. aureus counts were gradually decreased to undetectable levels on the fourth
day when P.S. was evaluated alone. The application of CIN+P.S. significantly reduced S.
Typhimurium and S. aureus on the first day of storage when compared to the control group. Total
inhibition of bacterial growth was observed on the second day of storage. Regarding the
physicochemical analysis of the apple jam, no significant difference in pH values, soluble solids
and titratable acidity was found in the treated groups compared to the control one for all days of
storage. Reducing sugars showed a significant difference in the CIN and CIN+P.S. groups on the
first day of storage. In the CIN group, a significant difference was also observed on the fifth day
of shelf life. Non-reducing sugars showed a significant difference in the P.S. sample on the first
day and in CIN samples on the fifth day of storage when compared to the control group. In the
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sensory analysis of the apple jam it was observed that the addition of CIN and P.S. in combination
did not affect the panelists’ sensory opinion for the parameters evaluated. When compared to the
control group, only the samples containing CIN+P.S. showed no significant difference for the
parameters evaluated (color, aroma, flavor, texture and overall acceptance). The apple jam
containing CIN alone presented a significant difference in the parameters aroma, flavor and global
acceptance and the samples added with P.S. alone presented a significant difference in the
parameters aroma, flavor, texture and global acceptance. In the second paper, the sanitizing effect
of CIN and BioAgNP alone and in combination against E. coli experimentally inoculated in fresh
sweet grape tomatoes was evaluated. The microbiological quality of sweet grape tomatoes was
analyzed and it was in accordance with the current standards established by Brazilian legislation.
Regarding the sanitization of tomatoes, it was possible to observe that in the control groups, E.
coli counts ranged from 4.15 to 5.37 log CFU/g. CIN alone reduced the bacterial load by only ~1
log CFU/g after 60 min of treatment compared to the control at time zero and ~1.5 CFU/g
compared to the control after 60 min. No viable cells were observed after 15 min in the treatment
with BioAgNP alone and after 5 min for the mixture. In the shelf life evaluation of the tomatoes,
in the control group, E. coli reached ~6.12 log CFU/g on seventh day. E. coli counts treated with
CIN were reduced less than 1 log CFU/g after 7 days of storage. The samples sanitized with
BioAgNP alone and in association with CIN showed no growth of E. coli during the shelf life. In
the physicochemical analysis of tomatoes sanitized with CIN, BioAgNP and CIN+BioAgNP, no
significant difference in pH, soluble solids, and titratable acidity was found between the control
and treatment groups on the analyzed days.

CONCLUSION. The combination of CIN+P.S. and CIN+BioAgNP showed synergistic effect
for the bacteria evaluated. The combination between CIN and P.S. at sub-inhibitory
concentrations were effective to inhibit the growth of S. Typhimurium and S. aureus in apple jam
during shelf life. Sensory evaluation suggested that addition of the mixture of CIN and P.S. to
apple jam is acceptable to the consumers and there were no changes in physicochemical
properties. The use of a sanitizer based on CIN and BioAgNP combined inhibited the growth of
E. coli in fresh sweet grape tomatoes after 5 min of treatment. The antibacterial activity of the
compounds in combination in sweet grape tomatoes was maintained during their shelf life. The
combination of these compounds did not change the physicochemical properties of sweet grape
tomatoes. The antibacterial activity of compounds combined could pave the way for a new
generation of products to reach a balance between the demand for microbial safety and sensorial
acceptability.

Keywords: Antibacterial activity; Foodborne pathogens; Foods; Natural compounds; Synergistic
effect.
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RESUMO GERAL

INTRODUCAO. A contaminagio microbiana ¢ um problema mundial que causa enormes
prejuizos, tanto para a indUstria alimenticia quanto para a satde publica. As doencas transmitidas
por alimentos tém sido percebidas como um grave problema e os patdégenos de origem alimentar
comumente envolvidos em surtos alimentares incluem Escherichia coli, Staphylococcus aureus
e Salmonella sp.. Embora existam métodos para controlar o crescimento microbiano em
alimentos, ainda ha necessidade de novas técnicas que se mostrem eficazes na inativacao
microbiana e na manutencdo das caracteristicas organolépticas dos alimentos. Por anos, a
indastria de alimentos tem usado de conservantes sintéticos com o intuito de controlar o
crescimento de patdgenos, entretanto, a producdo de alimentos sem conservantes tem sido alvo
de grandes industrias alimenticias devido a crescente mudanca no estilo alimentar da populacéo.
O uso de compostos naturais geralmente reconhecidos como seguros (GRAS - Generally
Recognized As Safe) é uma alternativa promissora para manter a seguranca dos alimentos e
também é percebido pelo consumidor como um método natural de preservacédo de alimentos. No
entanto, as concentracOes de agentes naturais necessarias para inibir o crescimento bacteriano em
alimentos podem modificar as propriedades sensoriais ou exceder o limite de sabor aceitavel de
produtos alimenticios. Nesse sentido, 0 uso combinado de agentes naturais com agentes
antimicrobianos sintéticos pode ser uma alternativa eficaz para melhorar sua agdo antibacteriana
e reduzir suas concentracdes quando aplicados aos alimentos. A nanotecnologia verde também
recebeu atencéo consideravel na comunidade cientifica devido a sua natureza ecoldgica e de baixo
custo. No setor de alimentos, as nanoparticulas de prata sdo aplicadas ao processamento,
embalagem e sanitizacdo. No entanto, alguns trabalhos relataram resisténcia microbiana a prata e
toxicidade quando aplicada como conservante em alimentos. Os compostos associados as
nanoparticulas possibilitam avaliar o efeito de véarias substancias simultaneamente e 0 uso
combinado de nanoparticulas e antimicrobianos fornece atividade antimicrobiana mais potente do
que a de um Unico composto.

OBJETIVO. O objetivo deste trabalho foi avaliar a atividade antibacteriana de cinamaldeido
(CIN) e sorbato de potassio (S.P.) sozinhos e em combinagdo contra Salmonella Typhimurium e
Staphylococcus aureus in vitro e em geleia de maca. Também foi investigada a atividade
antibacteriana e associagdo de CIN com nanoparticulas biogénicas de prata (BioAgNP) contra
Escherichia coli, S. Typhimurium e S. aureus e seus efeitos como sanitizante em tomates sweet
grape.

MATERIAIS E METODOS. Os compostos utilizados neste trabalho foram CIN, S.P. e
BioAgNP e suas atividades antibacterianas foram testadas contra Escherichia coli ATCC 25922,
Salmonella enterica serotipo Typhimurium ATCC 14028 e Staphylococcus aureus ATCC 25923.
A atividade antibacteriana destes compostos foi determinada pela concentracéo inibitoria minima
(CIM) e concentragdo bactericida minima (CBM), seguindo as recomendagdes do Clinical and
Laboratory Standards Institute. Os efeitos da combinacdo de CIN+S.P. e CIN+BioAgNP foram
determinadas pelo método de Checkerboard e suas interacdes foram analisadas pelo software
Combenefit. O ensaio de curva de morte foi utilizado para avaliar a atividade antibacteriana dos
compostos sozinhos e em combinagdo contra as bactérias testadas. No primeiro artigo foi
realizada a aplicacdo de CIN e S.P. sozinhos e em combinacdo em geleia de maca
experimentalmente contaminadas com um pool de S. Typhimurium e S. aureus com uma
concentracdo final de 10 UFC/mL. Amostras de geleia de macéd sem a contaminacdo artificial
foram submetidas a analise microbioldgica para Salmonella sp., Enterobacteriaceae, bolores e
leveduras seguindo as exigéncias da legislacdo brasileira. Para as analises, foram preparados
quatro grupos de amostra de geleia de maca: amostras controle (Sem antimicrobianos), amostras
contendo CIN a 78 pug/mL, S.P. a 78 ug/mL e CIN+S.P. a 78 ug/mL+78 pg/mL. O efeito de CIN
e S.P. sozinhos e em combinagdo na sobrevivéncia das cepas bacterianas em geleia de magé foi
avaliada contando-se células vidveis nos dias 0, 1, 2, 3, 4, 5, 8 e 10. As bactérias inoculadas foram
contadas diluindo 10 g da geleia de mag¢d em 90 mL de &gua peptonada estéril (1 g/L). Diluigdes
seriadas foram realizadas e semeadas em placas de 4gar Hektoen ou &gar Baird-Parker. Todas as
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placas foram incubadas a 35 °C por 24 ou 48 horas antes da contagem. As analises fisico-quimicas
(pH, solidos solaveis, acidez titulavel, aglcares redutores e ndo redutores) das amostras de geleia
de maca foram analisadas nos dias 0, 5 e 10 de vida de prateleira. A andlise sensorial foi realizada
por 124 provadores ndo treinados para avaliar a aceitabilidade das amostras de geleia de macé.
No segundo artigo, E. coli foi escolhida para avaliacdo do efeito antibacteriano de CIN e
BioAgNP isolados e em combinagdo como sanitizante em tomates sweet grape frescos. Antes de
avaliar a acdo sanitizante dos compostos nos tomates artificialmente inoculados, as amostras
foram submetidas a analise microbiolégica (Salmonella sp. e E. coli), seguindo os padroes
exigidos pela legislacdo brasileira. Para avaliar o efeito antibacteriano de CIN e BioAgNP
isoladamente e em combinacdo, os tomates foram submersos em suspensGes de E. coli
padronizadas a 108 UFC/mL em &gua peptonada 0,1% estéril suplementada com agar 0,1% por
30 min. Em seguida, as amostras foram secas por 2 h para facilitar a adesdo bacteriana antes da
exposicdo aos tratamentos de desinfeccdo. A atividade antibacteriana de CIN e BioAgNP
sozinhos e em combinacdo foi avaliada a partir de quatro amostras: Controle (sem
antimicrobianos), CIN (156 pg/mL), BioAgNP (31,25 uM) e CIN+BioAgNP (156 pg/mL+31,25
uM). As amostras foram tratadas por 0, 5, 10, 15, 30 e 60 min e ap0s os tratamentos, as bactérias
inoculadas foram contadas diluindo 10 g de tomate em 90 mL de &gua peptonada estéril (1 g/L).
Diluigdes seriadas foram semeadas em placas de agar Eosina Azul de Metileno e incubadas a 35
°C por 24 h antes da contagem. A sobrevivéncia de E. coli em tomates tratados com CIN e
BioAgNP sozinhos e em combinagéo durante o prazo de validade também foi avaliada. Nesta
analise as amostras foram tratadas por 5 minutos, secas e embaladas em sacos lacrados por 7 dias.
Entdo, as amostras foram armazenadas em temperatura ambiente e analisadas nos dias 0, 1, 3, 5
e 7. A analise fisico-quimica referente ao pH, acidez titulavel e s6lidos sollveis das amostras de
tomate também foram analisadas nos intervalos de 0, 4 e 7 dias de vida de prateleira.

RESULTADOS. ACIM e CBM de CIN variou entre 312-624 pug/mL para as bactérias avaliadas
e S.P. apresentou CIM de 2.500 pg/mL contra S. Typhimurium e 5.000 pg/mL contra S. aureus.
Jaa CBM de S.P. foi 10.000 pug/mL contra S. Typhimurium e 20.000 pg/mL contra S. aureus. As
BioAgNP também exibiram atividade contra E. coli, S. Typhimurium e S. aureus apresentando
CIM de 125 pM contra todas as bactérias investigadas. A combinacdo de CIN+S.P. e
CIN+BioAgNP exibiram um efeito sinérgico para as bactérias avaliadas. A associa¢do entre
CIN+S.P. apresentou uma CIF de 0,25 para S. Typhimurium e 0,37 para S. aureus e a CIF da
combinagdo de CIN+BioAgNP foi de 0,49 contra E. coli, S. Typhimurium e S. aureus. O efeito
sinérgico foi validado pela andlise da superficie de independéncia de Bliss demonstrando que as
combinagOes apresentaram predominancia de areas azuis, indicando sinergismo. No ensaio de
curva de morte, as concentragfes utilizadas foram determinadas de acordo com os resultados
obtidos pelo método de Checkerboard. Salmonella Typhimurium, S. aureus e E. coli foram
capazes de crescer em concentragdes subinibitdrias durante todos os intervalos avaliados quando
o CIN foi avaliado sozinho. Por outro lado, S.P. sozinho foi capaz de inativar completamente a
populacdo de S. Typhimurium e S. aureus apos 24 e 72 h, respectivamente, e a associagdo de
CIN+S.P. erradicou S. Typhimurium e S. aureus, e nenhuma recuperagdo de células viaveis foi
observada apds 12 h e 24 h de incubacdo, respectivamente. As BioAgNP sozinhas inativaram
completamente o crescimento de E. coli apds 1 h de incubagdo. Enquanto, S. Typhimurium
apresentou uma reducdo de aproximadamente 2,5-3 log UFC/mL apdés 12 h e as contagens de S.
aureus foram reduzidas em ~2 log UFC/mL ap6s 24 h de incubacdo; entretanto, para S. aureus
foi possivel observar recuperacdo celular parcial com 48 h de incubagdo. Quando associados,
CIN+BioAgNP foram capazes de inativar E. coli, S. Typhimurium e S. aureus ap6s 45 min, 6 h e
48 h de incubagdo, respectivamente. No primeiro artigo foram avaliados os efeitos de CIN e S.P.
sozinhos e em combinag&o contra S. Typhimurium e S. aureus inoculados experimentalmente em
geleia de maca. Os resultados demonstraram que as populagdes de S. Typhimurium e S. aureus
atingiram 5,96 e 5,68 log UFC/g, respectivamente, no 10° dia. O CIN sozinho néo causou redugado
significativa nas populacfes de S. Typhimurium e S. aureus, apresentando discreta reducdo nas
contagens. Por outro lado, as contagens de S. Typhimurium e S. aureus diminuiram gradualmente
para niveis indetectaveis no quarto dia, quando S.P. foi testado sozinho. A aplicagdo do CIN+S.P.
reduziu significativamente as contagens de S. Typhimurium e S. aureus no primeiro dia de
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armazenamento quando comparado ao grupo controle. A inibig&o total do crescimento bacteriano
foi observada no segundo dia de armazenamento. Quanto a analise fisico-quimica da geleia de
maca ndo houve diferenca significativa nos valores de pH, de sélidos solUveis e nos indices de
acidez titulavel quando comparados ao grupo controle. Os agUcares redutores apresentaram
diferenca significativa nos grupos CIN e CIN+S.P. no primeiro dia de armazenamento. No grupo
CIN, uma diferenca significativa também foi observada no quinto dia de vida atil. Os acUcares
ndo redutores apresentaram diferenga significativa na amostra S.P. no primeiro dia e na amostra
CIN no quinto dia de armazenamento quando comparados ao grupo controle. Na analise sensorial
da geleia de magcé foi observado que a adicdo de CIN e S.P. em combinacao ndo afetou a opinido
sensorial dos provadores para os parametros avaliados. Quando comparado ao grupo controle,
apenas as amostras contendo CIN+S.P. ndo apresentou diferenca significativa para os parametros
avaliados (cor, aroma, sabor, textura e aceitacdo global). A geleia contendo CIN sozinho
apresentou diferenca significativa para os pardmetros aroma, sabor e aceitacdo global e as
amostras adicionadas de S.P. sozinho apresentou diferenca significativa para os parametros
aroma, sabor, textura e aceitacdo global. No segundo artigo, foi avaliado o efeito sanitizante de
CIN e BioAgNP isolados e em combinagdo contra E. coli experimentalmente inoculada em
tomates sweet grape frescos. A qualidade microbiol6gica dos tomates sweet grape foram
analisadas e os resultados demonstram que as amostras atenderam aos padrdes estabelecidos pela
legislagdo brasileira. Em relagéo a sanitizagdo de tomates, foi possivel observar que nos grupos
controle, as contagens de E. coli variaram de 4,15 a 5,37 log UFC/g. O CIN sozinho reduziu a
carga bacteriana em apenas ~1 log UFC/g ap6s 60 min de tratamento comparado com o controle
no tempo zero e ~1,5 UFC/g comparado com o controle apds 60 min. Nenhuma célula viavel foi
observada ap6s 15 min no tratamento apenas com a BioAgNP e apds 5 min para a mistura. Na
avaliacdo do tempo de prateleira dos tomates, no grupo controle, E. coli atingiu ~6,12 log UFC/g
no sétimo dia. Nos grupos tratados, as contagens de E. coli apresentou uma reducéo de menos de
1 log UFC/g ap6s 7 dias de armazenamento e as amostras higienizadas apenas com a BioAgNP e
com a combinacdo de CIN+BioAgNP ndo apresentaram crescimento de E. coli durante o
armazenamento. Na andlise fisico-quimica dos tomates sanitizados com CIN, BioAgNP e
CIN+BioAgNP, ndo foi encontrada diferenca significativa no pH, solidos solUveis e acidez
titulavel entre os grupos controle e tratamento nos dias analisados.

CONCLUSAO. A combinagdo CIN+S.P. e CIN+BioAgNP apresentaram efeito sinérgico para
as bactérias avaliadas. A combinagédo entre CIN e S.P. em concentra¢des subinibitdrias foram
eficazes para inibir o crescimento de S. Typhimurium e S. aureus em geleia de maca durante o
tempo de armazenamento. A avaliagdo sensorial sugeriu que a adi¢do da mistura de CIN e S.P. a
geleia € aceitavel pelos consumidores e ndo houve alteracfes nas propriedades fisico-quimicas.
Além disso, 0 uso de um sanitizante a base de CIN e BioAgNP combinados inibiu o crescimento
de E. coli em tomates sweet grape frescos ap6s 5 min de tratamento. A atividade antibacteriana
dos compostos em combinag¢do nos tomates foi mantida durante sua vida Gtil e a combinagéo
desses compostos ndo alterou as propriedades fisico-quimicas dos tomates sweet grape. A
atividade antibacteriana de compostos combinados pode abrir caminho para uma nova geragédo de
produtos para alcancar um equilibrio entre a demanda por seguranca microbiana e aceitabilidade
organoléptica.

Palavras Chave: Alimentos; Atividade antibacteriana; Compostos naturais; Efeito sinérgico;
Patogenos de origem alimentar.
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Significance and Impact of Study
The association between natural and synthetic antimicrobials could be applied to food as an
alternative to control foodborne pathogens.

ABSTRACT

The objective of this study was to evaluate the antimicrobial effectiveness of cinnamaldehyde
(CIN) and potassium sorbate (P.S.), alone and in combination, against Salmonella Typhimurium
and Staphylococcus aureus in vitro and in apple jam. The antimicrobial activity in vitro was
investigated by minimum inhibitory concentration (MIC) and minimum bactericidal
concentration (MBC), time-kill assay and determination of fractional inhibitory concentration
index. CIN MIC and MBC values was 312 pug/mL. P.S. MIC and MBC were 2500 and 5000
ug/mL, respectively, against S. Typhimurium; and 10000 and 20000 ug/mL, respectively, against
S. aureus. The compounds combined exhibited a synergistic effect (FIC < 0.5), inhibiting S.
Typhimurium growth after 12 h and S. aureus after 24 h. The effect of CIN and P.S., at sub-
inhibitory concentrations, against bacterial strains in apple jam was evaluated during storage.
Physicochemical and sensory analysis were also performed. No cultivable S. Typhimurium or S.
aureus cells were recovered in apple jam supplemented with CIN+P.S. on the third day of storage.
The addition of CIN and P.S. did not affect the physicochemical properties and sensory evaluation
showed a score above 7.0. CIN and P.S. association at sub-inhibitory concentrations was effective

in controlling of Salmonella sp. and S. aureus.

Keywords: Antibacterial activity; Foodborne pathogens; Natural antimicrobials; Synergistic

effect; Synthetic preservatives.
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1. INTRODUCTION

Control of foodborne pathogens is one of the major challenges for food companies as they
can cause millions of gastrointestinal illnesses worldwide each year, with more than 420000
deaths (CDC, 2021). Salmonella sp. and Staphylococcus aureus are among the top five bacteria
involved in foodborne illnesses in the United States; Salmonella enterica serovar Typhimurium
is one of the most common serovars associated with human infection and S. aureus is mostly
accountable for food poisoning (CDC, 2021).

These pathogens may be present in a wide variety of foods, including vegetables and
processed foods, causing outbreaks of foodborne diseases (CDC, 2021). In order to ensure food
safety and control pathogen growth, the food industry has used potassium sorbate (P.S.) as a
synthetic preservative for a wide variety of food products (Jaiswal and Jaiswal, 2014). In the
meantime, the production of preservative-free food has been the target of large food industries
due to the growing change in the population’s eating style (Rao et al., 2019).

The use of generally recognized as safe (GRAS) natural compounds, such as cinnamaldehyde
(CIN), is a promising alternative to maintain food safety and it is also perceived by the consumer
as a natural food preservation method (Calo et al., 2015; Burt, 2016). CIN is the main component
isolated from cinnamon oil (Ribeiro-Santos et al., 2017). Researchers have already demonstrated
its antibacterial activity against a wide range of pathogenic bacteria, including Salmonella sp. and
S. aureus (Piovezan et al., 2014; Shen et al., 2015; Burt et al., 2016; Klangpetch et al., 2018; Silva
etal., 2018; Malheiro et al., 2019; Rao et al., 2019). However, the concentrations of natural agents
required to inhibit bacterial growth in foodstuffs may modify the organoleptic properties or
exceed the acceptable flavor limit of food products (Requena et al., 2019).

Some researchers have suggested the combined use of natural agents with synthetic
antimicrobial agents to improve their antibacterial efficacy and to reduce their concentration level
when applied to food (Klangpetch et al., 2018; Rao et al., 2019; Chen et al., 2020; Gonzéalez-
Fandos et al., 2021; Zhan et al., 2021). Recently, we reported that combined treatment using low
concentrations of carvacrol and P.S. shows bactericidal effects against S. Typhimurium (Batista
etal., 2019).

The purpose of this study was to assess the antibacterial activity of CIN and P.S. alone and
in combination against S. Typhimurium and S. aureus in vitro and in apple jam. These effects in
vitro were determined by the minimum inhibitory concentration, minimum bactericidal
concentration, fractional inhibitory concentration index and time-kill curve. The antibacterial
effects of CIN and P.S. alone and combined in apple jam were evaluated. Moreover, the influence
of these compounds on the physicochemical and sensory attributes of apple jam during storage

was investigated.

2 MATERIALS AND METHODS
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2.1 Bacterial strains and culture conditions
Salmonella enterica serotype Typhimurium ATCC 14028 and Staphylococcus aureus ATCC

25923 strains were provided by the Laboratory of Food Microbiology, State University of
Maringé, Parand, Brazil. The cultures were maintained in tryptic soy broth (TSB; Difco, Becton
Dickinson, Sparks, MD, USA), supplemented with 20% glycerol at —20 °C. Before use, an aliquot
was transferred to brain heart infusion broth (BHI; Difco, Becton Dickinson, Sparks, MD, USA)
and incubated for 24 h at 35 °C. The culture was transferred to appropriate selective media:
Hektoen enteric agar (Difco, Becton Dickinson, Sparks, MD, USA) for S. Typhimurium and
Baird—Parker agar base (Difco, Becton Dickinson, Sparks, Le Pont de Claix, France) for S.
aureus. Plates were incubated at 35 °C for 24 h or 48 h, respectively.

2.2 Minimum inhibitory concentration and minimum bactericidal concentration
The MIC and MBC of CIN (93% purity, Sigma Aldrich, Buchs, Switzerland) and P.S.

(Vetec, Jaragué do Sul, Brazil) were determined following recommendations by the Clinical and
Laboratory Standards Institute (CLSI, 2018), using the broth microdilution method in 96-well
microtiter plates (TPP, Trasadingen, Switzerland). For MIC determination, the pH of Mueller—
Hinton broth (MHB) (Difco, Becton Dickinson, Sparks, MD, USA) was adjusted to 4.5 with HCI.
CIN was initially diluted in 0.5% dimethyl sulfoxide (DMSO) and P.S. was prepared in MHB;
100 pL. The compounds were added to each well containing MHB at concentrations ranging
between 5000 and 19 pg/mL for CIN, and between 320 and 0.312 mg/mL for P.S. Bacterial
suspensions were standardized to McFarland scale 0.5 and diluted at 1:20; 10 uL was inoculated
in each microplate well. After 48 h of incubation at 35 °C, the MIC was defined as the lowest
concentration of antimicrobial that inhibited bacterial growth by visual reading. Bacterial growth
control in MHB and a control with CIN or P.S. in MHB were included. After MIC determination,
20 uL was removed from the wells in which bacterial growth was not observed and inoculated
into Hektoen agar plates or Baird—Parker agar, and incubated at 35 °C for 24 h or 48 h. The MBC
was determined as the lowest concentration where no bacterial growth was observed on agar

plates. Each test was performed in duplicate. The results correspond to three experiments.

2.3 Determination of synergistic activity

The synergistic effects of the CIN and P.S. combination were determined using the
checkerboard method (Doern, 2014). P.S. was added to 96-well microtiter plates with MHB at
pH 4.5 and diluted on the x-axis. CIN was added and diluted on the y-axis in the same way.
Bacterial suspensions with 6 x 10° colony-forming units per milliliter (CFU/mL) were inoculated

in each microplate well. The plates were incubated at 35 °C for 48 h. The combination of the
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substances was carried out after calculating the fractional inhibitory concentration (FIC) index
(ZFIC) which was determined as follows:

Z FIC = MIC of cinnamaldehyde in combination N MIC of P.S.in combination
B MIC of cinnamaldehyde alone MIC of P.S.alone

The interaction between CIN and P.S. was defined as synergistic (FIC < 0.5), additive (0.5
< FIC < 1), indifferent (1 < FIC < 4) or antagonistic (FIC > 4) (Pillai et al., 2005). The Bliss-
independent interactions were analyzed by Combenefit software (Di Veroli et al., 2016). All the

experiments were repeated thrice.

2.4 Time-Kkill assay

Time-kill assays were performed according to Isenberg (2004), with modifications.
Overnight cultures of S. Typhimurium ATCC 14028 and S. aureus ATCC 25923 were
standardized using McFarland scale 1, transferred to MHB at pH 4.5 and supplemented with CIN
and P.S. alone and in combination, obtaining a final inoculum of 6 x 10° CFU/mL. CIN was tested
at 78 ug/mL (1/4 MIC) and P.S. at 78 ug/mL (1/32 MIC), according to the checkerboard results.
Aliquots of 100 uL were withdrawn at intervals of 0, 3, 6, 12, 24 and 48 h, serially diluted and
plated on Mueller—Hinton agar (MHA) (Difco, Becton Dickinson, Sparks, MD, USA). Plates
were incubated at 35 °C for 24 h and CFUs were counted. Each test was performed in duplicate

and repeated three times.

2.5 Preparation of apple jam

Apple jam was prepared by hand following the methodology proposed by Krolow et al.
(2005), with modifications, and considering the Brazilian legislation on Good Manufacturing
Practices (Brasil, 2004). Apples (Malus domestica) were purchased in a local market and were
selected during their mature phase and without any mechanical blemish. After selection, the
apples were washed in running water, immersed in cold water with 200 ppm chloride for 10 min
and washed. The sanitized apples were pulped and ground mechanically. Sugar was added to the
pulp and the mixture processed by evaporation to achieve the jam concentration. Aliquots of
40 mL of apple jam were packed in sterile glass jars and pasteurized.

Samples of apple jam were submitted to microbiological analysis for Salmonella sp.,
Enterobacteriaceae, molds and yeasts according to Brazilian legislation on microbiological food
standards (Brasil, 2019).

Four sample groups of apple jam were prepared (glass jars with 40 mL each): control samples
(apple jam without antimicrobials); samples with CIN at 78 ug/mL (1/4 MIC) (cinnamaldehyde);
samples with P.S. at 78 pg/mL (1/32 MIC) (potassium sorbate); samples with CIN+P.S. (1/4 MIC
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+ 1/32 MIC) (cinnamaldehyde + potassium sorbate). Compound concentrations were selected by
the checkerboard method. Glass jars were stored at room temperature for 10 days.

2.6 Effect of cinnamaldehyde and potassium sorbate on survival of Salmonella
Typhimurium and Staphylococcus aureus in apple jam

The effect of CIN and P.S. alone and in combination on survival of the bacterial strains in
apple jam was evaluated using the viable cell count procedure. Bacterial suspension was prepared
with McFarland scale 1. An inoculum cocktail was prepared by mixing equal amounts of each S.
Typhimurium ATCC 14028 strain and S. aureus ATCC 25923 at a final concentration of 10°
CFU/mL. Control and treatment samples were inoculated with 400 pL. of each standardized
inoculum, stored at room temperature and analyzed on days 0, 1, 2, 3, 4, 5, 8 and 10 of shelf life.
Inoculated bacteria were counted by diluting 10 g of the apple jam in 90 mL of sterile peptone
water (1 g/L). Serial dilutions were performed and plated on Hektoen agar plates or Baird—Parker
agar. All plates were incubated at 35 °C for 24 h or 48 h before counting. The analyses were

repeated twice and the results are expressed in log CFU per milliliter (CFU/mL).

2.7 Physicochemical analysis
Apple jam samples were analyzed on days 0, 5 and 10 of shelf life with regard to pH, soluble

solids, titratable acidity, reducing sugars and non-reducing sugars following AOAC methodology
(1992). Analyses were done in triplicate, with two replicates. Hydrogen ionic potential (pH) was
determined in apple jam by digital potentiometer. The soluble solids were determined using a
refractometer and the results are given as degrees Brix (°Bx). Total titratable acidity was
determined in three samples from the titration of 10 g of homogenate pulp diluted in 100 mL of
distilled water and a standard solution of 0.1 N sodium hydroxide. Reducing and non-reducing
sugars were determined using the Lane—Eynon method, which is based on the reduction power of
the simplest glycides. In this method, the copper 11 of the Fehling reagents is reduced to cuprous
oxide by the reducing sugars present in the sample. All analyses were done in triplicate with two

replicates.

2.8 Sensory evaluation
Sensory analysis was carried out in a standard and authorized sensory laboratory, provided

with three testing booths, under normal lighting conditions, according to the international standard
ISO 8589 (2015). The panel consisted of 124 untrained assessors comprising students and
employees of the State University of Maringa, Maring4, PR, Brazil. Only four samples were tested
during the same session. All apple jam samples were presented to panelists at the same time at

room temperature and in randomly three-digit-coded cups.
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Four samples: control, CIN, P.S. and CIN+P.S. were evaluated by applying a 9-point hedonic
scale (1 = highly disliked to 9 = highly liked). The following attributes were evaluated: color,
texture, taste, aroma and overall acceptability. Mean scores of all sensory evaluations were used
in the analysis.

2.9 Statistical analysis
The results were analyzed with GraphPad Prism 7.0 Software. In vitro analyses were

performed in duplicate, with three replications, and apple jam analysis was repeated twice. Results
were expressed as the mean and standard deviation. The data were analyzed by ANOVA at 5%

significance level. Post-hoc comparisons were performed by Tukey’s test.

3. RESULTS AND DISCUSSION
3.1 Minimum inhibitory concentration and minimum bactericidal concentration

The in vitro antibacterial activity of CIN and P.S. against S. Typhimurium and S. aureus was
determined at pH 4.5; CIN presented a minimum inhibitory concentration (MIC) and minimum
bactericidal concentration (MBC) of 312 ug/mL for both bacteria. Other studies have evaluated
the antibacterial activity of CIN against S. Typhimurium or S. aureus at neutral pH (Ye et al.,
2013; Burt et al., 2016; Shi et al., 2017; Klangpetch et al., 2018; Silva et al., 2018). Burt et al.
(2016) obtained MIC of 156 pg/mL for S. Typhimurium while Ye et al. (2013) and Shi et al.,
(2017) reported CIN MIC ranging from 250 to 500 pg/mL against S. aureus, which is consistent
with the values obtained in the present study. Klangpetch et al. (2018) reported higher a CIN MIC
values: 6.25 mg/mL against S. Typhimurium and 0.78 mg/mL for S. aureus. To our knowledge,
no articles were found that tested CIN at acidic pH.

The mechanisms of action of natural compounds are not completely understood. However,
some studies have attempted to explain how inhibition of microbial growth occurs. The main
mechanism for the antimicrobial activity of CIN has been attributed to disruption of the
cytoplasmic membrane and inhibition of active transport across it (Zhang et al., 2016;
Vasconcelos et al., 2018; Khameneh et al., 2019).

Some authors have reported that P.S. is able to inhibit a wide spectrum of foodborne
pathogens (Sofos and Busta, 1986; Santiesteban-Lopez et al., 2007; Zhang et al., 2019; Zhu et al.,
2019; Gonzéalez-Fandos et al., 2021). In this study, the MIC of P.S. was 2,500 pug/mL for S.
Typhimurium whereas for S. aureus the MIC was 5,000 pg/mL. Santiesteban-LOpez et al. (2007)
determined only the MIC and showed a P.S. MIC of 600 and 500 pg/mL at pH 5.5 and 4.5,
respectively, against S. Typhimurium. MIC of 800 and 600 pg/mL, at the same pH, were obtained
against S. aureus. In another study, P.S. at pH 4 showed MIC of 800 ug/mL against S.
Typhimurium; and 1.6 and 6.25 mg/mL against S. aureus (Zhang et al., 2019). The MBC of P.S.,
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in our study, was 10,000 pg/mL for S. Typhimurium and 20,000 ug/mL for S. aureus. Zhang et
al. (2019) also found MBC until 5-fold greater than MIC. According Sofos and Busta (1981) P.S.
prevents or delays microbial growth, and its bactericidal or bacteriostatic effect is dependent of
factors such as concentration and pH of the medium.

Our results demonstrated that the P.S. MIC at acidic pH is six times lower when compared
to that at neutral pH for S. aureus (data not shown). According to van Beilen et al. (2014), sorbic
acid is most effective at low pH. Moreover, some papers have demonstrated the influence of
sorbate on cell walls and membranes, which may alter their integrity and permeability (Sofos and
Busta, 1981; Hwang and Huang, 2013; van Beilen et al., 2014). Other actions can be explained
by considering the pKa (4.76) of sorbic acid. In this case, a larger amount of sorbic acid enters
the cell and dissociates in the cytoplasm when the extracellular pH is lower than the intracellular
pH. That action increases the cytoplasmic hydrogen ion concentration, which acidifies the
cytoplasm, inhibits metabolic processes and diffuses the proton gradient across the cytoplasmic

membrane (Sofos and Busta, 1981; van Beilen et al., 2014).

3.2 Synergistic activity of cinnamaldehyde and potassium sorbate
The interaction of CIN and P.S. against S. Typhimurium and S. aureus was determined by

calculating the fractional inhibitory concentration (FIC) index. The compounds in combination
exhibited a synergistic effect for both bacteria: an FIC index of 0.25 for S. Typhimurium and 0.37
for S. aureus was found. The combination reduced the MIC of CIN from 312 pg/mL to 78 pg/mL
(1/4 MIC) for both bacteria, while the MIC of P.S. was reduced from 2500 pg/mL to 78 pg/mL
(1/32 MIC) against S. Typhimurium and from 5000 pg/mL to 78 pg/mL (1/64 MIC) against S.
aureus. Santiesteban-LApez et al. (2007) also reported additive and synergistic interactions when
combining P.S. with thymol, with carvacrol or with eugenol against S. Typhimurium and S.
aureus. An additive interaction of carvacrol and P.S. against S. Typhimurium was previously
observed by our research team (Batista et al., 2019). Recently, Zhan et al. (2021) observed a
synergistic interaction for P.S. + nisin against Staphylococcus epidermidis. Additive interactions
between CIN and cinnamic acid, lactic acid and propionic acid against S. Typhimurium were
reported by Burt et al. (2016). Klangpetch et al. (2018) observed synergism between CIN and
nisin when tested against S. Typhimurium and S. aureus; however, there is limited information
regarding the antimicrobial effects of CIN and P.S. in combination against foodborne bacteria.
Our results demonstrated that mixtures of these compounds are able to inhibit the growth of S.
Typhimurium and S. aureus, at lower concentrations than those needed when they are individually
used.

The synergic effect revealed by FIC values was validated by the result of the Bliss
independence surface analysis (Fig 1). Combenefit software enables systematic quantification of

high-throughput screens, incorporating metrics to describe synergy distributions and advanced
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graphical visualization of the combination between CIN and P.S. in vitro against S. Typhimurium
and S. aureus. In this way, CIN and P.S. combined showed a predominance of blue areas,
indicating synergism.

3.3 Time-kill assay
The antibacterial activity of CIN and P.S., alone and in association, was also determined by

time-kill assay (Fig 2). The concentrations used were determined according to the results obtained
from the FIC index. The control group (without antimicrobials) reached a bacterial population of
6 log CFU/mL after 48 and 72 h of incubation at 35 °C, for S. Typhimurium and S. aureus,
respectively.

Salmonella Typhimurium and S. aureus were able to grow at sub-inhibitory concentrations
(78 uL/mL) during all the intervals evaluated when CIN was applied alone. On the other hand,
P.S. tested alone at sub-inhibitory concentrations (78 puL/mL) inhibited S. Typhimurium and S.
aureus after 24 and 72 h, respectively. The association of CIN (78 pg/mL) and P.S. (78 ug/mL)
gradually reduced S. Typhimurium and S. aureus counts, and no recovery of viable cells was
noted after 12 h and 24 h of incubation, respectively.

A previous study by our research group reported an additive effect of carvacrol and P.S., and
more rapid killing of S. Typhimurium was observed by carvacrol and P.S. in combination, when
compared to those agents alone at the same concentrations (Batista et al., 2019). In the current
study, time-kill assay results are in accordance with those observed for the checkerboard assay,
in which CIN+P.S. inhibited S. Typhimurium and S. aureus at lower concentrations than those
needed when antimicrobials were used alone. There are limited studies dealing with the
mechanisms of action of the combination of compounds. However, there are some generally
accepted mechanisms of antimicrobial interaction that produce synergism. They include the
sequential inhibition of a common biochemical pathway, inhibition of protective enzymes and the
use of cell membrane active agents to enhance the uptake of other antimicrobials (Bassolé and
Juliani, 2012; Yuan et al., 2019).

3.4 Antimicrobial effect of cinnamaldehyde and potassium sorbate against bacteria in
experimentally inoculated apple jam

The results of the antibacterial effects of CIN and P.S. alone and in combination against
foodborne bacteria in experimentally inoculated apple jam are shown in Table 1. S. Typhimurium
and S. aureus populations reached 5.96 and 5.68 log CFU/g, respectively, on the 10th day. CIN
alone did not cause a significant reduction (p < 0.05) in the populations of S. Typhimurium and
S. aureus, showing a slight reduction in the counts. On the other hand, S. Typhimurium and S.
aureus counts were gradually decreased to undetectable levels on the fourth day when P.S. was

used (p < 0.05). The application of CIN+P.S. significantly reduced S. Typhimurium (by 3 log
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CFU/g) and S. aureus counts (by 1.6 log CFU/g) on the first day of storage when compared to the
control group (p < 0.05). Total inhibition of bacterial growth was observed on the second day of
storage.

Brazilian legislation allows the use of 1000 pug/mL of P.S. alone and in combination with
other additives in fruit jam (Brasil, 2009). In our work, P.S. at 78 pug/mL when combined with
CIN, that is 92.5% less than allowed, completely inhibited the bacterial group.

Klangpetch et al. (2018) tested CIN (1.56 mg/mL) combined with nisin (1.25 IU/mL) against
S. Typhimurium and S. aureus in sandwich spread (pH 4.5) and obtained a reduction of 4 log
CFU/g from the 6th to 14th days of storage. Previous studies have demonstrated the antimicrobial
efficacy of CIN alone in food matrices (Yuste and Fung, 2002) and food packaging (Raybaudi-
Massilia et al., 2008); however, to our knowledge, there are no studies reporting the antimicrobial
action of the association of CIN and P.S. applied to food.

The use of natural antimicrobials in foods as preservatives is often limited due to the strong
smell and taste they impart to these foods (Gyawali and Ibrahim, 2014). In view of these
limitations, the use of CIN and P.S. combined at lower concentrations becomes an interesting
option for the control of S. Typhimurium and S. aureus in apple jam.

Is noteworthy that the microbiological quality of apple jam was also evaluated and the
samples complied with the current standards established by Brazilian legislation (Brasil, 2019):
Enterobacteriaceae < 1 log CFU/g, yeasts and molds < 2 log CFU/g and the absence of
Salmonella sp./25 g.

3.5 Physicochemical analysis
Apple jam samples were prepared only with apples and sugar; after addition of CIN, P.S. or

CIN+P.S. they were submitted to physicochemical analysis of pH, soluble solids, titratable
acidity, reducing sugars and non-reducing sugars during shelf life as shown in Table 2. No
significant difference (p <0.05) in pH values was found in the treated groups compared to the
control one for all days of storage (from 4.78 to 5.06). Slight differences were found by Moreira
et al. (2019), who reported pH values of 3.9 and 4.04 in mixed jams of rose petals and apple,
respectively. This can be explained by the addition of citric acid by these authors, which was not
done in the current study.

Soluble solids values ranged between 34.43% and 35.73% (p < 0.05) over the storage period
in all jam groups. The Brazilian law recommends minimum total soluble solids of 62% for jams
(Brasil, 1978). In the current study, the apple jam was composed only of fruit pulp and a small
amount of sugar (~ 10%), which does not follow the industrial production standards (35 parts of
fruit and 65 parts of sugar) (Brasil, 1978). Perhaps this is the reason why we did not reach the

minimum values of soluble solids.
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The apple jam presented titratable acidity rates ranging from 0.35% to 0.46% and no
significant difference (p < 0.05) was observed during the storage period. Similar results were
reported by Aguiar et al. (2016), showing titratable acidity rates of 0.36% in apple and honey
mixed jam. These values are recommended for maintaining the texture of the jam (Aguiar et al.,
2016). According to Torrezan (1998), in the production of jams, the acidity must be controlled
and remain between 0.3% and 0.8%.

Reducing sugars showed values ranging between 11.58% and 14.32% and a significant
difference (p < 0.05) was observed in CIN and CIN+P.S. groups on the first day of storage when
compared to the control group. In the CIN-treated group, a significant difference (p < 0.05) was
also observed on the fifth day of shelf life. Control and CIN groups presented a gradual increase
in reducing sugars over the period evaluated. Non-reducing sugars presented a significant
difference (p < 0.05) in P.S. samples on the first day and in CIN samples on the fifth day of
storage. Apple jam samples presented non-reducing sugar levels ranging from 10.33% to 12.01%.
These results indicate that the levels of reducing sugars were close to those of non-reducing
sugars. These findings agree with the small amount of sugar used in the apple jam production
process. Unlike our method, Mendonca et al. (2000) prepared apple jam using different levels of
brown sugar (35%, 50% and 65%), and found non-reducing sugar values (35.1%, 36.9% and
41.6%, respectively) higher than those for reducing sugars (21.1%, 22.6% and 18.9%,
respectively).

3.6 Sensory evaluation
The results of the sensory analysis of apple jam containing CIN and P.S. alone and in

combination are shown in Table 3. Apple jam with CIN alone received the highest scores for
color, taste and overall acceptance. The acceptance index of these parameters was 88%, 87% and
86%, respectively. On the other hand, P.S. alone obtained the lowest scores for the same
parameters, presenting an acceptance index of 83%, 85% and 84%, respectively. The CIN+P.S.
samples presented scores lower than those for CIN alone, showing 83% acceptance for color, 85%
for taste and 82% for overall acceptance. These results indicate that, for these attributes, addition
of the antimicrobial agents evaluated did not affect the panelists’ sensory opinion. There are few
studies concerning the addition of CIN to food matrices (Higueras et al., 2015; Fadel et al., 2019).
Fadel et al. (2019) showed good sensory scores for biscuits flavored with cinnamon essential oil
encapsulated in maltodextrin and propylene glycol. Higueras et al. (2015) reported that milk
samples in contact with films containing CIN were preferred to the control without CIN. In this
sense, the results obtained in the presented study corroborate the earlier studies in that CIN added
to food can promote good acceptance.

In our study, panelists opined on aroma, taste and overall acceptance and attributed “I liked

moderately” to P.S. samples. Apple jam with CIN and CIN+P.S. was acceptable for all sensory
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attributes including aroma, after taste and overall acceptability. The panelists attributed “I liked
very much” to these attributes. The main challenge for using essential oils or their compounds as
food preservatives is that they may cause negative organoleptic effects when added in sufficient
amounts to provide an antimicrobial effect (Jouki et al., 2014). Therefore, combinations of
substances may reduce the amount of antimicrobial preservatives needed to lower potential
impacts on sensory quality. In this study, apple jam was well accepted by panelists, confirming
the theory that the use of CIN and P.S. at lower concentrations does not interfere with the
organoleptic properties of the jam so that good acceptance of the product is obtained.

In conclusion, the results presented in this study show a synergistic effect between CIN and
P.S. based on FIC index, kill-time assay and application in apple jam. These compounds
combined at sub-inhibitory concentrations were effective in inhibiting the growth of S.
Typhimurium and S. aureus, although the underlying mode of action remains to be explored in
the future. Sensory evaluation suggested that addition of the mixture of CIN and P.S. to apple jam
is acceptable to consumers and there were no changes in physicochemical properties. Our findings
demonstrate that mixtures of natural and synthetics compounds at sufficiently low concentrations
could arise as an alternative to replace synthetic preservatives classically applied in the food
industry, and to reach a balance between the demand for microbial safety and organoleptic
acceptability.
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Figure 1. The Bliss independence surface analysis for in vitro combinations of CIN and P.S.
against Salmonella Typhimurium (A) and Staphylococcus aureus (B)
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Figure. 2. Time-kill curve assay of CIN (78 ug/mL), P.S. (78 ug/mL) and CIN + P.S. (78
Hg/mL+78 pg/mL). (A) Salmonella Typhimurium ATCC 14028; (B) Staphylococcus aureus

ATCC 25923.
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Table 1. Counts of Salmonella Typhimurium ATCC 14028 and Staphylococcus aureus ATCC 25923 in apple jam added from CIN and P.S. alone and in

combination
Salmonella Typhimurium

Day
Group 0 1 2 3 4 5 8 10
Control 5.88 + 0.05* 5.88 + 0.04% 5.92 +0.07* 5.90 +0.11* 5.92 +0.074 5.93 £0.074 5.95 + 0.06" 5.96 + 0.06*
CIN 5.90 £ 0.084 5.76 £ 0.04* 5.72 £ 0.06* 5.72£0.18* 5.60 £ 0.12* 5.58 + 0.16" 5.38+0.07A 5.32+0.07*
P.S. 5.89 +£0.044 4.78 £ 0.068 3.77 £0.108 2.49 £0.198 ND ND ND ND
CIN+P.S. 5.80+0.094 2.85 +0.06° ND ND ND ND ND ND

Staphylococcus aureus

Day
Group 0 1 2 3 4 5 8 10
Control 5.53 + 0.06* 5.56 + 0.274 5.53 +£0.33* 5.53 +£0.33* 5.52 £ 0.29% 5.52 +0.38* 5.57 £ 0.36" 5.68+0.13*
CIN 5.49 + 0.05* 5.17 £0.14% 5.14 +0.20* 5.08 +0.19* 498 +0.18* 4.90 +0.03# 4.84+0.15% 4.89 + 0.054
P.S. 5.49+ 0.104 477 +£0.138 4.38+0.078 3.15+0.058 ND ND ND ND
CIN+P.S. 5.46 £ 0.04* 3.89 +0.068 ND ND ND ND ND ND

Values are mean log CFU/g followed by standard deviation. Means in the same column with different letters are significantly different (p < 0.05; Tukey’s test). Control (without treatment); CIN
(78 pg/mL); P.S. (78 pg/mL) and CIN + P.S. (78 pg/mL + 78 pg/mL). ND: not detected.
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Table 2. pH, soluble solids, titratable acidity, reducing sugar and non-reducing sugar in apple jam with CIN and P.S. alone and combined

pH Soluble solids (%) Titratable acidity (%) Reducing sugar (%0) Non-reducing sugar (%6)
Group Day
0 5 10 0 5 10 0 5 10 0 10 0 5 10
Control 4.92 4.9 5.06 34.62 3477 35.05 0.41 0.42 0.45 11.58 13.8 12.27 1078  11.00
+0.56% +0.49* +0.47% +0.87% +0.59* +1.04* +0.07* +0.06* +0.03* +0.31* +0.30 +1.15% +0.21% +0.394
CIN 4.78 4.85 4.87 35.12 3443 3515 0.36 0.35 0.38 13.72 1343 1143 1172 11.16
+0.14% +0.46" +0.57% +0.44* +0.96* +0.64* =+0.02* +0.03* +0.02% +0.24% +0.31* +0.35% +0.38% +0.144
P.S. 5.0 4.96 4.88 3495 3573 35.15 0.41 0.37 0.42 11.92 1432 1033 1062 1157
+0.60" +0.53* +0.51* +0.85* +0.48" +0.94% +0.05% +0.10* +0.04" +0.22° +0.344 +0.328 +0.33* +0.36"
CIN+P.S. 4,93 4.97 4.99 3483 3457 35.05 0.42 0.41 0.46 13.42 1341 12,01 1104 11.32

+0.42% +0.37% $0.30* +0.49"

+0.84% +0.774 +0.06* +0.07* +0.02* +0.21°

+0.18* +0.25% +0.28* +0.21*

Values are mean followed by standard deviation. Means in the same column with different letters are significantly different (p < 0.05; Tukey’s test). Control (without treatment); CIN (78

pg/mL); P.S. (78 pg/mL) and CIN + P.S. (78 pg/mL + 78 pg/mL).
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Table 3. Sensory analysis of apple jam treated with CIN and P.S. alone and combined using a 9-
Point affection hedonic scale with 5 parameters

Parameters Control CIN P.S. CIN+P.S.
Color 7.84 8.0~ 7.5 7.57
Aroma 7.64 7.58 7.68 7.6~
Taste 7.44 7.98 7.78 7.74
Texture 7.4 7.7 7.58 7.47
Overall acceptance 7.5% 7.88 7.68 7.4°

Control (without treatment); CIN (78 pg/mL); P.S. (78 ug/mL) and CIN + P.S. (78 pg/mL + 78 pg/mL). Values
represent mean + standard deviation (n=120). Means in the same line with different letters are significantly different
(p <0.05; Tukey’s test).
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Biogenic silver nanoparticles and cinnamaldehyde as an effective sanitizer for fresh sweet
grape tomatoes

Andreia Farias Pereira Batistal*; Luana Carolina Martins Rosal; Jessica Santos Pizzo®; Alex
Fiori da Silva®; Jesui Vergilio Visentainer®; Benicio Alves de Abreu Filho!*; Renata Katsuko

Takayama Kobayashi’; Gerson Nakazato’; Jane Martha Graton Mikcha® %3

Center for Agricultural Sciences, Postgraduate Program of Food Science, State University of
Maringa, Maringa, PR, Brazil

2Center for Health Sciences, Postgraduate Program in Health Sciences, State University of
Maringa, Maringa, PR, Brazil

3Department of Clinical Analyses and Biomedicine, State University of Maringa, Maringa, PR,
Brazil

“Department of Basic Health Sciences, State University of Maringa, Maringd, PR, Brazil
*Department of Chemistry, State University of Maringa, Maringd, PR, Brazil

®Department of Agricultural and Natural Sciences, State University of Minas Gerais, Ituiutaba,
MG, Brazil

"Laboratory of Basic and Applied Bacteriology, Department of Microbiology, Center of
Biological Sciences, State University of Londrina, Londrina, Brazil

*Corresponding author: Andreia Farias Pereira Batista. Postgraduate Program of Food Science,
State University of Maringa, Av. Colombo, 5790. CEP: 87020-900, Maringé, PR, Brazil. Phone:
+55 44 3011-4959. E-mail address: andreia.farias0O4@hotmail.com

ABSTRACT

This study evaluated the antibacterial activity of cinnamaldehyde (CIN) and biogenic silver
nanoparticles (BioAgNP), alone and in combination, against Escherichia coli, Salmonella
Typhimurium, and Staphylococcus aureus in vitro. Their sanitation activities on fresh sweet grape
tomatoes were also evaluated. CIN and BioAgNP inhibited the growth of the tested bacteria, and
at low concentrations, their combinations presented a synergistic effect. In the sanitization of fresh
sweet grape tomatoes, the combination of sub-inhibitory concentration of CIN (156 pg/mL) and
BioAgNP (31.25 puM) inhibited the growth of E. coli after only 5 min of contact. In addition, E.
coli did not grow during the shelf life period. The combination of these compounds did not change
the physicochemical properties of sweet grape tomatoes. CIN combined with BioAgNP represents
an effective method for decontaminating fruits and vegetables. This combination has great
potential for application in the prevention of foodborne diseases.

Keywords: antibacterial; natural compounds; sanitizers; silver nanoparticles; sweet grape
tomato



49

1. INTRODUCTION

Microbial contamination is a worldwide problem that causes enormous losses for the food
industry and generates high healthcare costs (US$ 15.6 billion each year) (CDC, 2022).
Foodborne diseases have been perceived as a serious public health problem worldwide. Centers
for Disease Control and Prevention (CDC) estimates that each year one in six Americans become
ill from contaminated food or beverages, and 3,000 die from foodborne illness (CDC, 2022). The
foodborne pathogens commonly involved in food safety incidents include Escherichia coli,
Staphylococcus aureus, Salmonella sp., and Listeria monocytogenes (CDC, 2022). Although
there are methods to control microbial growth in foods, there remains a need for novel technigques
that prove to be effective for microbial inactivation and the maintenance of sensorial
characteristics of foods (Nile et al., 2020).

Natural compounds are promising alternative food preservatives (Batista et al., 2019).
Among them, cinnamaldehyde (CIN) has been studied extensively due to its antimicrobial
properties (Malheiro et al., 2019; Burt et al., 2016). CIN is the major component in cinnamon
essential oil and can be used as a food additive and flavoring agent (Barceloux, 2009).
Furthermore, it qualifies as ‘generally recognized as safe’ (GRAS) according to the Food and
Drug Administration (21 CFR 182.60) (FDA, 2018). However, its strong taste and aroma limit its
use; therefore, novel alternatives are needed to minimize or eliminate these undesirable
organoleptic effects (Li et al., 2022).

Green nanotechnology has also received considerable attention in the scientific
community due to its eco-friendly and low-cost nature (Kobayashi and Nakazato, 2020). Among
the engineered nanomaterials, silver nanoparticles (AgNPs) have gained increased interest due to
their strong antimicrobial activities and antiviral properties (Chue-Gongalves et al., 2021;
Kobayashi and Nakazato, 2020). In the food sector, silver nanoparticles have been applied to food
processing, packaging, and sanitation (Nile et al., 2020). Among the commercially available
nanotechnology-based disinfectants, silver nanoparticles are the most used active constituent
(Nile et al., 2020). However, some works have reported microbial resistance to silver (Graves et
al., 2015) and toxicity when applied directly to food (Li et al., 2022).

Interestingly, many compounds can be incorporated into nanoparticles, making it possible
to assess the effect of several substances simultaneously (Nile et al., 2020). The combined use of
nanoparticles and antimicrobials provides more potent antimicrobial activity than that of a single
compound. In this way, the combination of CIN and AgNPs is a potential strategy to increase the
antibacterial activity and reduce the effective concentration of both compounds, thus reducing the
impact of undesirable characteristics of natural compounds on food (Scandorieiro et al., 2016;
Ghosh et al., 2013).
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To this end, we aimed to investigate the association of CIN with biogenic silver
nanoparticles (BioAgNP) and their effects as a sanitizer for fresh sweet grape tomato. The first
part of this study evaluated the antibacterial activity of CIN and BioAgNP alone and in
combination against E. coli, Salmonella Typhimurium, and S. aureus. The second part was
conducted to investigate the effect of CIN and BioAgNP alone and in combination as a sanitizer
for fresh sweet grape tomato.

2. MATERIALS AND METHODS
2.1. Bacterial strains
Escherichia coli ATCC 25922, Salmonella enterica serotype Typhimurium ATCC 14028, and

Staphylococcus aureus ATCC 25923 were used in this study. The cultures were maintained in
Tryptic Soy Broth (TSB) (Difco, Becton Dickinson, Sparks, MD, USA) supplemented with 20%
glycerol at —20 °C.

2.2. Antimicrobial agents

Cinnamaldehyde (CIN) with 93% purity was obtained from Sigma Aldrich, Buchs, Switzerland.
Biogenic silver nanoparticles (BioAgNP) were obtained from GRAL Bioativos®, Londrina,
Brazil. These BioAgNP were produced from plant extract and showed an average bioAgNP
diameter of 82.73 nm, zeta potential of —23.27 mV, and polydispersity index (PI) of 0.17.

2.3. Antibacterial activity

2.3.1. Antibacterial activity of cinnamaldehyde and BioAgNP

The minimum inhibitory concentration (MIC) of CIN and BioAgNP were determined using the
broth microdilution method following the recommendations of the Clinical and Laboratory
Standards Institute (CLSI, 2018). CIN was initially diluted in 0.5% dimethyl sulfoxide (DMSO),
and BioAgNP was prepared in Mueller Hinton Broth (MHB, Difco, Becton Dickinson, Sparks,
MD, USA). Tested concentrations of CIN and BioAgNP ranged from 19 to 5,000 pg/mL and 0.97
to 500 pM, respectively. Bacterial suspensions were standardized by 0.5 McFarland scale (1.5 x
108 bacteria/mL) and diluted at 1:20, and 10 uL were inoculated in each microplate well. After
24 h of incubation at 35 °C, the MIC was defined as the lowest concentration of antimicrobial
agent that inhibited visible growth. Bacterial growth control in MHB and 0.5% DMSO and a
control with CIN in MHB and BioAgNP in MHB were included. All assays were carried out in

triplicate and on at least three different occasions.

2.3.2. Antibacterial combination assay
The interaction of CIN and BioAgNP was determined by the checkerboard method (Doern, 2014).
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BioAgNP was added to 96-well microtiter plates with MHB and diluted along the x-axis. CIN
was added and diluted along the y-axis in the same way. Bacterial suspensions with approximately
105 colony-forming units per milliliter (CFU/mL) were inoculated in each microplate well. The
plates were incubated at 35 °C for 24 h. Fractional inhibitory concentration (FIC) index (XFIC),

was calculated using the formula below:

Z FIC = MIC of CIN in combination 4 MIC of BioAgNPin combination
- MIC of CIN alone MIC of BioAgNP alone

The interaction between CIN and BioAgNP was defined as synergistic (FI0 < 0.5), additive (0.5
< FIC < 1), indifferent (1 < FIC < 4), or antagonistic (FIC > 4) (Pillai et al., 2005). The Bliss-
independent interactions were analyzed with Combenefit software (Di Veroli et al., 2016). All

the experiments were repeated in triplicate.

2.3.3. Time-kill assay

Time-kill assays were performed according to Isenberg (2004), with modifications. Overnight
cultures of E. coli ATCC 25922, S. Typhimurium ATCC 14028, and S. aureus ATCC 25923 were
standardized according to 1.0 McFarland (3.0 x 108 bacteria/mL) and transferred to MHB
supplemented with CIN and BioAgNP, alone and in combination, to obtain a final inoculum of 6
x 10° CFU/mL. CIN was tested at 156 pg/mL (1/4 MIC) and BioAgNP at 31.25 uM (1/2 MIC),
according to the checkerboard results. Aliquots of 100 uL were withdrawn at different time
intervals, serially diluted, and plated on Mueller—Hinton agar (MHA\) (Difco, Becton Dickinson,
Sparks, MD, USA). Plates were incubated at 35 °C for 24 h, and CFUs were counted. Each test

was performed in duplicate and repeated three times.

2.4. Application in fresh sweet grape tomatoes
Escherichia coli was chosen for evaluation of the antibacterial effect of CIN and BioAgNP alone

and in combination as sanitizers in fresh sweet grape tomatoes. The concentrations of evaluated

compounds were selected by the checkerboard method.

2.4.1. Microbiological quality
Samples of tomatoes not subjected to sanitizing treatments and without the artificial inoculation

step were also submitted to microbiological analysis (Salmonella sp. and E. coli), following the
standards required by Brazilian legislation (Brasil, 2019).

For detection of Salmonella sp., 25 g of the samples were added to 225 mL of lactose broth (Difco,
Becton Dickinson, Sparks, MD, USA) and incubated at 35 °C for 24 h. After the incubation
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period, selective enrichment was performed in selenite cystine broth (Difco, Becton Dickinson,
Sparks, MD, USA) and in Rappaport—Vassiliadis medium (Difco, Becton Dickinson, Sparks,
MD, USA). Subsequently, samples were plated on Hektoen agar and incubated at 35 °C for 24 h.
Escherichia coli enumeration was performed using Petrifilm™ EC plates (3M Company, St. Paul,
MN, EUA). Aliquots of 1 mL of each sample were seeded in Petrifilm™ EC plates and incubated
at 35 °C for 24 and 48 h. E. coli colonies were enumerated according to the manufacturer’s

instructions.

2.4.2. Preparation and inoculation of sweet grape tomatoes

Sweet grape mini tomatoes (Lycopersicum esculentum Mill.) were purchased in a local market
and selected during their mature phase without mechanical blemishes. The tomatoes were washed
in running water, immersed in cold water with 200 ppm chloride for 10 min, washed, and dried.
The sweet grape tomatoes were submerged in E. coli ATCC 25922 suspensions standardized at
108 CFU/mL in sterile 0.1% peptone water supplemented with 0.1% agar for 30 minutes.
Afterwards, the samples were air dried for 2 hours to facilitate bacterial adhesion before exposure
to disinfection treatments (Choi et al., 2018).

2.4.3. Sanitizing treatments and shelf life

To assess the antibacterial activity of CIN and BioAgNP alone and in combination against E. coli
in sweet grape tomatoes, four samples were defined: a control sample (without antimicrobials), a
CIN sample at 156 pg/mL (CIN), a BioAgNP sample at 31.25 uM (BioAgNP), and a CIN +
BioAgNP sample at 156 pg/mL + 31.25 uM (CIN and BioAgNP). The samples were treated for
0, 5, 10, 15, 30, and 60 min. After treatments, inoculated bacteria were counted by diluting 10 g
of tomato in 90 mL of sterile peptone water (1 g/L). Serial dilutions were performed, plated on
Eosin Methylene Blue Agar (Difco, Becton Dickinson, Sparks, MD, USA) plates, and incubated
at 35 °C for 24 h before counting. The analyses were repeated twice, and the results are expressed
in log CFU/mL.

The survival of E. coli in sweet grape tomatoes treated with CIN and BioAgNP alone and in
combination during the shelf life was also evaluated. The samples were treated for 5 min, air
dried, and packaged in sealed bags for 7 days. The samples were stored at room temperature and

analyzed on days 0, 4, and 7 of their shelf life.

2.4.5. Physicochemical analysis
The sweet grape tomato samples stored at room temperature were analyzed at intervals of 0, 4,
and 7 days of shelf life with regard to pH, titratable acidity, and soluble solids (Instituto Adolfo

Lutz, 1985). The hydrogenionic potential (pH) was determined in homogenized tomato pulp using
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a digital potentiometer (MCA-150, Lucadema). The amount of soluble solids was determined by
refractrometric analysis of homogenized tomato pulp samples. The results were expressed as
degrees Brix (°Bx). Total titratable acidity was determined from the titration of 5 g of homogenate
pulp diluted in 100 ml of distilled water and a standard solution of 0.1 mol/L sodium hydroxide.
Analyses were performed in triplicate, with three replicates.

2.5. Statistical analysis

The results were analyzed with GraphPad Prism 7.0 Software. In vitro analyses were performed
in duplicate, with three replications, and sanitizer analysis was repeated twice. Results were
expressed as the mean and standard deviation. The data were analyzed by ANOVA at the 5%

significance level. Post hoc comparisons were performed by Tukey’s test.

3. RESULTS AND DISCUSSION

3.1. Antibacterial activity in vitro

3.1.1. Antibacterial activity of cinnamaldehyde and BioAgNP

Cinnamaldehyde and BioAgNP exhibited antimicrobial activity against E. coli, S. Typhimurium,
and S. aureus. CIN presented an MIC of 624 pg/mL for all bacteria investigated. Other studies
evaluating the activity of CIN against E. coli revealed MIC values between 100 and 310 pg/mL
(Andrade-Ochoa et al., 2021; Gosh et al., 2013; Ye et al., 2013). An MIC between 131 and 600
pg/mL was obtained against S. Typhimurium (Andrade-Ochoa et al., 2021; Burt et al., 2016), and
MIC values between 58 and 500 pug/mL were observed for S. aureus. (Gosh et al., 2013; Ye et
al., 2013; Al-Bayati and Mohammed, 2009).

BioAgNP showed MIC values of 125 UM against E. coli, S. Typhimurium, and S. aureus.
Scandorieiro et al. (2016) analyzed the antimicrobial action of BioAgNP produced from fungi
extract and reported MICs of 62.5, 125, and 250 uM against E. coli (ATCC 25922), S.
Typhimurium (ATCC 68169), and S. aureus (ATCC 25923), respectively. Other studies revealed
AgNP or BioAgNP MIC values between 3.12 and 50 pg/mL against E. coli (Dalir et al., 2020;
Al-Sharqi et al., 2019; Kelkawi et al., 2016; Zarei et al., 2014) and S. Typhimurium (Dehkordi et
al., 2019; Zarei et al., 2014), respectively. AgNP MIC values between 6.7 and 128 nug/mL were
also found against S. aureus (Dalir et al., 2020; Al-Sharqi et al., 2019; Andrade et al., 2017).

3.1.2. Synergistic effect between cinnamaldehyde and BioAgNP

The combination of CIN and BioAgNP against E. coli, S. Typhimurium, and S. aureus was
synergistic, with an FIC value of 0.49. The combination of compounds reduced the MIC value of
CIN two-fold (from 624 to 156 pg/mL) and that of BioAgNP (from 125 to 31.25 pM) for all

bacteria tested. To our best knowledge, the only study reporting on a combination of CIN and
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AgNP was performed by Gosh et al. (2013); however, those authors used a silver nanoparticle
synthesized by silver nitrate. Gosh et al. (2013) showed that the effect of the combination of CIN
and AgNP was additive (FIC 0.53) against E. coli, Salmonella typhi, and S. aureus. Scandorieiro
et al. (2016) studied the antibacterial effect of oregano essential oil (OEQO) and biological silver
nanoparticles (BioAgNP) on E. coli, S. Typhimurium, and S. aureus. The FIC value (0.50)
indicated that OEO and BioAgNP had a synergistic effect on S. aureus. The combination of OEO
and BioAgNP significantly decreased the MIC of EOE (2-fold) and BioAgNP (2-fold), in
agreement with our results. The combination of OEO and BioAgNP presented an additive
interaction when tested against E. coli and S. Typhimurium. Dehkordi et al. (2019) also showed
a synergistic effect on S. aureus (FIC 0.5) by combining eugenol and colloidal silver
nanoparticles.

The synergic effect revealed by FIC values was validated by the results of Bliss independence
surface analysis (Figure 1). In this way, CIN combined with BioAgNP showed a predominance
of blue areas, confirming the synergism.

Silver nanoparticles have been widely studied because of their broad-spectrum antimicrobial
effect, even at low concentrations (Dalir et al., 2020; Dehkordi et al., 2019; Kelkawi et al., 2016;
Scandorieiro et al., 2016). In addition, the combination of these nanoparticles with several
compounds, such as plant derivatives and bacteriocins, has shown potent antimicrobial activity in
different microbial species, including foodborne bacteria (Al-Shargi et al., 2019; Dehkordi et al.,
2019).

3.1.3. Time-kill curve

Time-kill curves were used to assess the antibacterial activity of CIN and BioAgNP alone and
combined against E. coli, S. Typhimurium, and S. aureus (Figure 2).

Escherichia coli (control group) reached 8.7 log CFU/mL after 6 h at 35 °C. CIN at a sub-
inhibitory concentration (156 pg/mL) did not reduce the bacterial count during 6 h of incubation,
while the treatment with BioAgNP alone (31.25 uM) completely inhibited bacterial growth after
with 1 hour. The association between CIN at 1/4 MIC (156 pg/mL) and BioAgNP at 1/4 MIC
(31.25 pM) inactivated E. coli in up to 45 min. Scandorieiro et al. (2016) also showed a 3.3 log
CFU/mL reduction after 2 h, and no viable cells were detected after 4 h of incubation with
BioAgNP at 62.5 uM. The combination of OEO (298 pg/mL) and BioAgNP (15.62 uM)
decreased 2.3 log CFU/mL of E. coli within 10 min of treatment, and there were no viable cells
after 20 min (Scandorieiro et al., 2016).

The control group of S. Typhimurium reached approximately 9.0 log CFU/mL after 24 h at 35
°C. Treatment with CIN alone (156 pg/mL) failed to reduce the bacterial population during all
intervals evaluated. On the other hand, BioAgNP alone (31.25 uM) showed a reduction of
approximately 2.5-3 log CFU/mL in up to 12 hours. A mixture of CIN and BioAgNP inhibited
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bacterial growth, and no cells were observed after 6 h of incubation. Dehkordi et al. (2019) also
found a >2 log CFU/mL reduction in S. Typhimurium upon exposure to silver nanoparticles at
12.5 pg/mL during 3 h of treatment. These authors also evaluated the combined effects of silver
nanoparticles and eugenol on the growth of S. Typhimurium and reported a ~6 log CFU/mL
reduction after 9 h of treatment with eugenol at 1250 pg/mL combined with silver nanoparticles
at 6.25 pg/mL.

Staphylococcus aureus reached 8.6 log CFU/mL after 48 h of incubation at 35 °C. CIN at 156
pg/mL did not reduce the bacterial counts. BioAgNP at 31.25 uM decreased bacterial counts by
approximately 2 log CFU/mL after 24 hours; however, it was possible to observe partial cellular
recovery with 48 h of incubation. No viable bacterial cells were observed after 48 h of treatment
with CIN and BioAgNP in combination. The synergistic activity of silver nanoparticles and
natural compounds on S. aureus was previously investigated (Dehkordi et al., 2019; Scandorieiro
et al., 2016). Significant bactericidal activity was found for S. aureus treated with silver
nanoparticles at 6.25 pug/mL and eugenol at 625 pg/mL after 6 h (Dehkordi et al., 2019).
Scandorieiro et al. (2016) showed that the combination of OEO and BioAgNP at 298 jig/mL and
125 pM, respectively, against S. aureus ATCC 25923 caused a 3.48 log CFU/mL decrease in the
cell population in 2 h. and-resulted-in No viable bacterial cells after 7 h of incubation. Gosh et al.
(2013) demonstrated synergism between CIN and AgNP against Clostridium perfringens and
Bacillus cereus and showed a 2 log reduction of both bacteria after 1 hour of treatment. To our
knowledge, there are no studies employing the time-Kkill assay to evaluate the antibacterial activity

of CIN and BioAgNP alone and combined against E. coli, S. Typhimurium, and S. aureus.

3.2. Application in fresh sweet grape tomatoes

3.2.1. Microbiological quality

Sweet grape tomato samples were analyzed to evaluate their microbiological quality during their
shelf life following the standards required by Brazilian legislation (Brasil, 2022). Salmonella sp.
was absent in all groups on the different days evaluated. Escherichia coli enumeration was <2 log
CFU/qg for all days analyzed. These results demonstrate that sweet grape tomato samples complied

with the current standards established by Brazilian legislation (Brasil, 2022).

3.2.2. Efficacy of CIN and BioAgNP in the sanitization of fresh sweet grape tomatoes

Table 1 shows the efficacy of CIN and BioAgNP at sub-inhibitory concentrations, alone and in
combination, in the sanitization of fresh sweet grape tomatoes experimentally contaminated with
E. coli. In the control groups, E. coli counts ranged from 4.15 to 5.37 log CFU/g. CIN alone

reduced the bacterial load by only ~1 log CFU/g after 60 min of treatment, and no viable cells
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were observed after 15 min in the treatment with BioAgNP alone. Sanitizing of sweet grape
tomatoes with CIN and BioAgNP in combination was able to eradicate E. coli after 5 min.
Gopal et al. (2010) evaluated the effect of washing shredded lettuce with water containing low
concentrations of silver (0.1 ppm) and hydrogen peroxide (0.4 ppm). A less than 1 log CFU/g
reduction in Pseudomonas sp. counts and an approximately 1.5 log CFU/g reduction in
Enterobactericeae were observed following treatment with silver and hydrogen peroxide in
combination after 7 days of storage at 12 °C. Combinations of plant-derived antimicrobials and
hydrogen peroxide reduced L. monocytogenes to undetectable levels in cantaloupes after a 10-
min wash treatment (Upadhyay et al., 2014). To our best knowledge, this is the first study
reporting the antimicrobial action of CIN and silver nanoparticles applied in combination as a
sanitizer in sweet grape tomatoes.

Sanitization of vegetables is one of the important steps designed to reduce or eliminate microbial
hazards in fresh vegetables (Ssemanda et al., 2018). In this process, contact time with sanitizers
is important to guarantee microbial and chemical safety and acceptability for consumption
(Ssemanda et al., 2018). In our work, only 5 min of contact with CIN + BioAgNP was sufficient
to verify microbial control in fresh grape tomatoes. Bermudez-Aguirre et al. (2013) showed total
inactivation of E. coli in tomatoes after 15 min using 200 ppm of chlorine (8.06 log), which is
considered the standard sanitizer in the decontamination of vegetables (BRASIL, 2004).

3.2.3. Shelf life of fresh sweet grape tomatoes treated with CIN and BioAgNP

The effects of CIN and BioAgNP alone and in combination in the sanitization of fresh sweet grape
tomatoes contaminated by E. coli, on different days of shelf life are shown in Table 2. In control
groups, E. coli counts were maintaining during storage and reached approximately 6.12 log
CFU/g on the seventh day. E. coli counts in tomatoes treated with CIN were reduced less than 1
log CFU/g after 7 days of storage. The samples sanitized with BioAgNP alone and in association
with CIN showed no growth of E. coli during the shelf life.

Upadhyay et al. (2014) reported on the reduction of L. monocytogenes on artificially contaminated
cantaloupes. Combinations of plant-derived antimicrobials + hydrogen peroxide reduced L.
monocytogenes to undetectable levels in cantaloupes after a 10-min wash treatment, and no
bacterial cells were recovered after 7 days of storage.

Our study showed that BioAgNP alone presented antimicrobial activity; however, the prolonged
use of silver nanoparticles can be toxic to humans (Li et al., 2022). Furthermore, resistance to
silver nanoparticles has already been reported (Graves et al., 2015). By contrast, natural
compounds used as sanitizers are biodegradable and environmentally friendly and pose a lower
risk to human health. In addition, to antimicrobial activity, CIN presents anti-inflammatory and
antioxidant properties (Barceloux, 2009); however, the highly volatile nature of CIN can cause

sensorial changes in foods (Li et al., 2022).
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Therefore, the combination of antimicrobials is a potential strategy to minimize the undesirable
effects of substances, since their combined use reduces the concentration of the compounds and
the probability of selecting resistant bacteria (Nile et al., 2020).

3.2.4. Physicochemical analysis

Sweet grape tomato samples sanitized with CIN, BioAgNP, and CIN + BioAgNP were subjected
to physicochemical analysis for evaluation of pH, soluble solids, and titratable acidity during the
shelf life (Table 3). No significant difference (p < 0.05) in pH was found between the control and
treatment groups on the analyzed days. Sweet grape tomato samples presented pH values ranging
from 4.16 to 4.26. According to the Center for Food Safety and Applied Nutrition (CFSAN,
2003), tomato pH levels should range between 4.3 and 4.9. In addition, a tomato pH below 4.3
prevents microorganism proliferation (CFSAN, 2003).

There were no significant differences in soluble solids in any sample during the 7 days of storage.
Their rates ranged from 7.9 °Brix to 8.5 °Brix. These values are in agreement with Ribeiro et al.
(2010), who found soluble solid values between 7.63 and 8.5 °Brix in sweet grape tomatoes treated
with coatings containing phenolic compounds. Sweet grape tomato is sweeter than traditional
tomato and can reach 9 °Brix (between 4 and 6 °Brix) (Onoda, 2010).

No significant difference (p < 0.05) was observed in titratable acidity for all samples analyzed.
The titratable acidity rates varied between 7.95% and 9.37% in the 7 days of storage. Acidity is
an important determinant of tomato quality. According to Kader et al. (2002), tomatoes that

present a titratable acidity greater than 0.32% are considered of good quality.

4. CONCLUSION

From this study, it is clear that CIN and BioAgNP in combination at sub-inhibitory concentrations
effectively inhibited the in vitro growth of foodborne pathogenic bacteria. The use of a sanitizer
based on CIN and BioAgNP combined inhibited the growth of E. coli in fresh sweet grape
tomatoes after 5 min of treatment. The antibacterial activity of the compounds in combination in
sweet grape tomatoes was maintained during their shelf life. The combination of these compounds
did not change the physicochemical properties of sweet grape tomatoes. The disinfectant activity
of plant-derived compounds combined with AgNPs could pave the way for a new generation of

disinfection products to control and prevent further disease outbreaks.
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Figure 1. The Bliss independence surface analysis for in vitro combinations CIN and BioAgNP
against (A) Escherichia coli ATCC 25922; (B) Salmonella Typhimurium ATCC 14028; (C)
Staphylococcus aureus ATCC 25923 by Bliss independence surface analysis
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Figure 2. Time-kill curve assay of CIN (156 pg/mL), BioAgNP (31.25 uM) and CIN + BioAgNP
(156 pg/mL + 31.25 uM). (A) Escherichia coli ATCC 25922; (B) Salmonella Typhimurium
ATCC 14028; (C) Staphylococcus aureus ATCC 25923. *p < 0.05
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Table 1. Counts of Escherichia coli ATCC 25922 in sanitization of sweet grape tomatoes added
from CIN and BioAgNP alone and in combination

Time (min) Control CIN BioAgNP CIN +
BioAgNP
0 4.88 +0.00 4.85+0.06% 5.00 £ 0.00* 4.70 £0.004
5 429+0.07% 3.85+0.038 3.40+0.058 ND
10 415+0.21% 3.77£0.324 229+0.578 ND
15 4.50 £0.044 3.79+£0.128 ND ND
30 5.22 +£0.054 3.58+0.098 ND ND
60 5.37 £0.034 3.81+£0.028 ND ND

Values are mean log CFU/g followed by standard deviation. Means in the same line with different letters are
significantly different (p < 0.05; Tukey’s test). Control (without treatment); CIN (156 pg/mL); BioAgNP (31.25 uM)

and CIN + BioAgNP (156 pg/mL + 31.25 uM). ND: not detected.
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Table 2. Counts of Escherichia coli ATCC 25922 in shelf life of sweet grape tomatoes added
from CIN and BioAgNP alone and in combination

Time (days) Control CIN BioAgNP CIN +
BioAgNP
1 5.14 £ 0.04* 3.71+£0.018 ND ND
2 6.31+£0.024 2.89+0.048 ND ND
3 6.21 £0.044 2.36 £0.06® ND ND
5 6.27 £0.174 2.28+0.028 ND ND
7 6.12 £ 0.034 2.84+0.028 ND ND

Values are mean log CFU/g followed by standard deviation. Means in the same line with different letters are
significantly different (p < 0.05; Tukey’s test). Control (without treatment); CIN (156 pg/mL); BioAgNP (31.25 uM)
and CIN + BioAgNP (156 pg/mL + 31.25 uM). ND: not detected.



Table 3. Physicochemical analysis of sweet grape tomatoes added from CIN and BioAgNP alone and in combination
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Group pH Soluble Solids (°Brix) Titratable acidity (%)
0 4 7 0 4 7 0 4 7
Control 419+0.01* 4.36+0.01* 4.19+0.01* 850+0.00 830+0.00% 7.90+0.00% 9.26+0.15* 7.95+0.004 9.22+0.11*
CIN 416 £0.01* 4.33+0.02* 4.23+0.02* 850+0.00¢ 8.30+0.000 7.90+0.004 9.37+0.174 8.60+0.14* 8.62+0.15*
BioAgNP 418+0.01" 4.34+0.00" 4.28+0.01* 8.50+0.004 8.30+0.004 7.90+0.004 9.04+0.174 8.36+0.01" 855+0.21*
CIN+BioAgNP  4.16 +0.01* 4.33+0.01* 4.20+0.02* 8.50+0.004 8.30+0.004 7.90+0.004 9.19+0.05* 9.17+0.004 8.75+0.01*

Values are mean log CFU/g followed by standard deviation. Means in the same column with different letters are significantly different (p < 0.05; Tukey’s test). Control (without treatment); CIN
(156 pg/mL); BioAgNP (31.25 uM) and CIN + BioAgNP (156 pg/mL + 31.25 pM). ND: not detect



